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Chapter 1 
GENERAL INTRODUCTION 
1.1. 
Exploratory Behavior 
1.1.1. 
Adaptive Value 
ANIMALS, WHEN CONFRONTED with changes in their surroundings, or 
when entering new environments, often display a behavioral 
pattern termed exploration. In this behavior, visual, acoustic, 
olfactory, and tactile components can be distinguished. The 
concept of exploration is closely linked with that of novelty 
(Barnett & Cowan, 1976). The latter can only be defined in 
connection with an animal's previous experience. Therefore, a 
distinction has been made between absolute novelty, a 
confrontation with stimuli that the animal has never 
experienced before, and relative novelty, in which familiar 
items have been arranged in an unfamiliar way (Hennessy & 
Levine, 1979). The former situation can readily be achieved in 
the laboratory but is seldom encountered by animals in their 
natural environment. Novelty evokes either a seemingly 
spontaneous approach towards a new stimulus, termed neophilia, 
or avoidance, termed neophobia. The latter tendency is manifest 
in species that are heavily predated upon, for example the 
commensal rat with man as its predator. These rodents, even 
after a number of generations in the laboratory, avoid objects 
and incentives offered to them outside their home cage (Barnett 
6 Cowan, 1976). Even food presented to them in an unfamiliar 
way is rejected (ibid.). This tendency can be considered to be 
a protective mechanism that guards the animal from dangers 
which an unknown environment may conceal. Neophilia, on the 
other hand, can easily be elicited in highly domesticated 
animals, such as mice and rats bred in the laboratory. Genetic 
selection can probably shift the balance in favor of either 
avoidance or approach behavior (Cowan, 1983). 
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Surprisingly, domesticated rodents' often explore without 
any reinforcement. Mice and rats placed in a plus-maze choose 
arms alternately, independent of the presentation of food 
(Barnett 6 Cowan, 1976). This tendency is sometimes referred to 
with the anthropomorphism 'curiosity'. I.e., novelty in itself 
is rewarding, and neophilia is regarded as an indicator of 
intelligent behavior {cf. Archer & Birke, 1963). It seems 
better, however, to use the concept of latent learning here, 
which means that what is learnt may not be observable at the 
time. For example, exploratory movements of animals, often 
observed after they have fed, increase their chances of finding 
new sources of food in their surroundings (Barnett ь Cowan, 
1976). Exploration has therefore a survival value: in 
collecting information about an unknown environment it promotes 
the chances of finding necessities such as food, shelter, 
escape routes, and conspecifics, thereby increasing an 
individual's reproductive success (fitness). Also, exploration 
influences the dispersal of individuals from their native 
population so that gene flow is facilitated and genetic 
variability is maintained (Gaines & McClenaghan, 1980). In 
terms of evolution, a well-balanced exploratory behavioral 
system will facilitate the adaptation to new habitats and, in 
this way, enhance the survival of the species. 
1.1.2. 
Processing of Novel Information 
Information from the external world is received at various 
neocortical fields of the mammalian brain. The olfactory bulbs 
and most of the sensory association areas project directly onto 
a part of the temporal lobe known as the entorhinal cortex 
(reviewed by BJÖrklund et al., 1987). This region is considered 
to be an integration area of sensory information (van Hoesen et 
al., 1972). The entorhinal cortex can be thought of as a 
'gateway' to the limbic region because it sends massive fiber 
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bundles to one of its dominant structures, the hlppocampal 
formation (see e.g. Schwerdtfeger, 1984). 
Exploratory behavior can be influenced by manipulating 
various cerebral entities, such as the locus coereulus (Velley 
et al, 1988), the hypothalamus (Izquierdo & Netto, 1985), the 
nucleus accumbens (Mogensen & Nielsen, 1984; Rolls, 1983), and 
the amygdala (Coulombe & White, 1978). Although their fiber 
distributions are seemingly unrelated to each other, they all 
project directly to and/or receive input from the hippocampus 
(for a review see Björklund et al., 1987). Indeed, it is this 
structure of the limbic region that has been found to 
constitute a crucial link in the flow of information signalling 
environmental novelty. Disrupting hlppocampal functioning in 
rats by lesions virtually abolishes exploratory behavior 
(O'Keefe 6 Nadel, 1978). There is now ample evidence that the 
hippocampus plays an important role in the processing of novel 
information. For this reason, this brain structure offers a 
promising starting point for studying the neurophysiological 
mechanisms that govern exploratory behavior. 
1.2. 
The Hippocampus and Exploration 
1.2.1. 
Morphology of the Hippocampus 
Cajal (1911) and borente de Nó (1934) are the most prominent 
neuroscientists among the early investigators attracted by the 
elegance of this brain structure, which was named for its 
resemblance with the sea horse Hippocampus. The nomenclature 
they introduced still stands today. 
The hippocampus is a bilateral, more or less symmetrical 
structure, shaped somewhat like a cashew nut and comprising two 
archicortical fields: the hippocampus proper (Cornu ammonls) 
and the dentate gyrus {Fascia dentata). In cross section, these 
fields appear as interlocking C-shaped structures (see Fig. 
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1.1). Together with the subicular complex, a transition zone 
between hippocampus and cortex, these fields are collectively 
referred to as the hippocampal formation. 
Fig. 1.1: A cross-section of the rodent hippocaropal formation. CA: Cornu 
ammonis; EC: entorhinal cortex; FI: fimbria; FD: Fascia dentata; 
HIL: hilus; iipMF: intra- and infrapyramidal mossy fibers; PP: 
perforant path; SC: Schaffer collaterals; SG: Stratum granulosum; 
SP: Stratum pyramidale; SUB: subiculum; supMF: suprapyramidal 
mossy fibers. 
In rodents the two prominent hippocampal cell types, the 
pyramidal and the granular neurons, are organized in well-
defined layers, the Stratum pyramidale and the Stratum 
granulosum, respectively. The Cornu ammonls has been subdivided 
in regions denoted CAI to CA4 in order to distinguish between 
its pyramidal neurons that constitute various hippocampal 
pathways (see below). The granule cells are the prevailing cell 
type of the Fascia dentata. Dendrites of these cells are 
situated in the molecular layer where they are met by terminals 
of fibers that ascend from the entorhinal cortex: the perforant 
pathway. These afferent fibers probably constitute the main 
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input to the hippocampal formation (Schwerdtfeger, 1984). The 
axons of the granular cells, the mossy fibers, cross the hilar 
region, where they arborize heavily, and finally enter the 
regio inferior (CA3) of the hippocampus proper (see e.g. 
Gaarskjaer, 1986). These thin unmyelinated fibers form the only 
known connection between the dentate gyrus and the Ammons horn. 
In passing by, they contact the pyramidal cells of the CA3 
region with characteristic axon differentiations, the so-called 
boutons (boutons terminaux) (Amarai & Dent, 1981). These 
boutons are often found to heavily innervate the dendritic 
spines or excrescences of the pyramidal cells, enabling them to 
make many synaptic contacts with single CA3 pyramidal neurons 
(ibid.). The large majority of the granular axons run through 
the Stratum lucidum, a field comprising the apical dendrites of 
the CA3 pyramidal neurons, and are in this location referred to 
as the suprapyramidal mossy fibers (West et al. 1982). Also, 
intra- and infrapyramidal mossy fibers are recognized (ibid.). 
The former, found within the Stratum pyramidale, may synapse 
with the somata of the CA3 pyramidal cells or dendritic parts 
very close to them. The latter probably contact the basal 
dendrites of these neurons. The axons of the CA3 pyramidal 
cells leave the hippocampus through the fimbria, which, 
together with the fornix, forms the septo-hippocampal pathway, 
a major hippocampal input/output fiber track. The CA3 pyramidal 
cell axons send off branches, the Schaffer collaterals, to the 
apical dendrites of the CAI pyramidal cells. The efferents of 
these latter neurons end predominantly in the subiculum. The 
subiculum is considered to be a major output structure of the 
hippocampus (Meibach & Siegel, 1977), but it also projects, in 
return, to the entorhinal cortex (Bartesaghi et al., 1989; 
Finch et al., 1986). 
A variety of non-pyramidal neurons are found scattered 
throughout all hippocampal fields, particularly in and around 
the main cell layers. (Schlander 6 Protscher, 1986; Seress & 
Ribak, 1985). Their axons and dendrites are intertwined with 
those of the pyramidal and granular cells. In the regio 
inferior the mossy fibers contact these neurons ел passage, 
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Fig. 1.2: The hippocampal trisynaptic circuit intersecting, 
subiculum, the loop of Papez. HF: Hippocampal Formation. 
at the 
similar to the situation with the pyramidal cells (Ribak et 
al., 1985; Lubbers b Frotscher, 1987). The non-pyramidal 
neurons, among which the basket cells, are traditionally 
referred to as interneurons although some of these cells send 
projections to the contralateral hippocampus (Léránth Б 
Frotscher, 1986), or even project to other parts of the brain 
(Hayes S. Totterdell, 1985; Schwerdtfeger & Buhl, 1986). 
The predominant hippocampal neuronal network is organized 
in a well-defined geometrical alignment (Teyler & DiScenna, 
1984a). It comprises, coupled in series, the perforant path, 
the mossy fibers, the Schaffer collaterals, and the CAI 
pyramidal cell axons. This so-called tri-synaptic circuit is 
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spread out in a largely planar fashion, oriented transversely 
to the longitudinal axis of the hippocampus. Due to this 
neuronal geometry the hippocampus is described as having a 
laminar organization (Rawlins & Green, 1977; Lopes da Silva et 
al., 1985). The elements of the tri-synaptic circuit are 
interconnected by longitudinal commissural and association 
fibers through which a three-dimensional network is established 
(Teyler & DiScenna, 1984a). It is worthwhile to point out that 
the tri-synaptic circuit intersects, by means of the subiculum, 
another prominent neuronal circuit, the loop of Papez, which 
spans several limbic structures (Nieuwenhuys, et al., 1981) 
(see Fig. 1.2). The unique connectivity pattern of the 
hippocampal neuronal assembly forms the starting point for 
several prominent theories about this brain structure's mode of 
operation. 
1.2.2. 
Theories of Hippocampal Functioning 
An influential theory has been proposed by 0'Keefe 6 Nadel 
(1978), in which they bring together findings of neuroanatomy, 
physiology, and psychology. The hippocampus is seen as forming 
an internal representation of the animal's world; it 
constitutes a spatial map. The firing rate of a single 
hippocampal neuron is a function of the animal's position 
relative to a particular place in the environment. These 
authors call these cells place units, probably to be equated 
with the pyramidal neurons (reviewed by O'Keefe, 1979). The 
spatial characteristics are thus encoded in a unique 
configuration of hippocampal place units. Initially, the 
sensory information that has accumulated in the entorhinal 
cortex reaches the dentate granule cells in a highly ordered 
way. The perforant path is, like the major hippocampal 
pathways, laminated. The lamination is such that a given zone 
of the entorhinal cortex not only projects to its counterpart 
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in the dentate gyrus but also to adjacent granule cell layers. 
This is the first step of a process by which the three-
dimensionality of spatial cues is reconstituted in an array of 
hippocampal place units. Upon visiting a familiar environment, 
the incoming information flow 'matches' the spatial map and, as 
a result, the ongoing behavior is not interrupted. However, if 
an animal is exposed to a novel situation, e.g. when it enters 
a new environment, or when spatial cues in its surroundings 
have changed, the 'mismatch' is detected by misplace units, 
probably interneurons (reviewed by O'Keefe, 1979). The 
hippocampal output now signals the neuronal circuits which 
program for exploratory acts. 
A theory resembling the previous one has been proposed by 
Cray (1982). In this theory it is the function of the 
hippocampus to compare actual with expected stimuli, their 
nature being spatial or non-spatial. If actual and expected 
stimuli agree, ongoing behavior is maintained. In case of a 
mismatch, the hippocampus inhibits that behavior, and attention 
is increased, bringing the animal into a state of alertness. 
Gray postulates a system in which a generator of predictions, 
located in the cingulate cortex, communicates, by means of the 
loop of Papez, with a comparator situated in the subiculum. 
Predictions arise from the present state of the animal's world 
and from experiences stored in memory. These are used in order 
to plan the next step in the intended behavioral program. The 
comparator tests predictions with actual information. If 
generated predictions and actual stimuli match, the system 
functions in the 'checking mode' and behavioral control is 
effected through other parts of the brain. If there is a 
discordance between actual and expected stimuli, e.g. when the 
animal is exposed to environmental novelty, a condition termed 
mismatch, the hippocampal formation takes direct control over 
behavior and functions in the 'control mode'. Then the 
hippocampus, by means of the motor systems, initiates 
exploratory behavior. 
01ton et al. (1979) assign quite a different role to the 
hippocampus. They propose that it is not involved in cognitive 
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tasks, the construction of spatial maps, but that it acts as a 
memory device. In a radial maze, rats, in order to find food at 
the end of a particular arm, use two types of memory. Firstly, 
there is reference memory in which the constant aspects of the 
situation are stored, i.e., it equips the animal with 
information concerning how to move about in the radial maze. 
Secondly, in order to gain success efficiently, the rat must 
remember which arms it has already visited. The information 
stored in this type of memory is only important at a particular 
trial and is called short-term memory or working memory. Olton 
asserts that the hippocampus is specifically involved in 
behaviors that require working memory, irrespective of the type 
of stimulus, i.e., spatial or non-spatial. 
A partial overlap with Olton's concept is the idea worked 
out by Rawlins (1985). The hippocampus is involved in short-
term associative learning in which two events, separated in 
time, need to be associated with each other. The hippocampal 
tri-synaptic circuit offers a good substrate for this because 
it allows information to recirculate within the loop, thus 
bridging temporal gaps between events. 
Another view on hippocampal functioning has been proposed 
by Teyler and DiScenna (1986). It accommodates the hypotheses 
presented above to a large extent. Their concept is based on 
the topographical organization of the hippocampus: this 
structure is thought to constitute a four-dimensional array 
made up of the spatial organization of its fiber networks with 
time as the fourth dimension superimposed on it (Teyler & 
DiScenna, 1985). Their hypothesis, termed the 'memory indexing 
theory', suggests that the hippocampus stores a map of 
locations of other brain regions. The stimulus pattern of 
incoming information is registered in space and time at 
multiple sites in the neocortex. The cortical loci of a 
particular experienced event, stored as a unique array, are 
registered or indexed in the hippocampus. Teyler and DiScenna 
see long-term potentiation (LTP) as the substrate of the 
hippocampal index. This phenomenon, an increase in synaptic 
efficacy, which can be induced experimentally by afferent fiber 
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Stimulation (reviewed by Teyler 6 DiScenna, 1987) and by 
behavioral changes (Loturco et al., 1988), is seen primarily in 
the limbic structures. At present LTP is believed to be a good 
candidate for involvement in memory formation and consolidation 
(reviewed by Teyler Ь DiScenna, 1984b). The magnitude of 
changes in synaptic efficacy is substantial, develops quickly, 
and is long lasting, particular in the hippocampus (evaluated 
by Teyler & DiScenna, 1987). The hippocampus contains a map, 
not of the world perceived by the animal, but of the spatial 
distributions of cortical sites that contain sensory 
information. Exposure of an animal to spatial cues previously 
experienced will activate a set of cortical loci that 'match' 
their associated hippocampal index. An unfamiliar environment, 
on the other hand, will result in a sensory input that is 
insufficient to reactivate the entire hippocampal index and 
will be interpreted as a 'mismatch'. In this concept, the 
hippocampus also serves as a mnemonic device, a notion which 
takes Olton's basic idea into account. 
1.2.3. 
Neurochemical Mechanisms 
The complex mode of hippocampal functioning, while not 
immediately deducible from its intrinsic anatomical 
organization, is certainly reflected by its neurochemical 
capacities. The hippocampus employs a great diversity of 
neuromediators and its synaptic connections are intricate. I 
shall give a brief overview of these mechanisms in the rodent 
hippocampus and, thereafter, I shall place this material within 
the framework of the present research. For more extensive 
reviews, see Seifert (1983), Nieuwenhuys (1985), BJÖrklund et 
al. (1987), and Frotscher et al. (1988). 
The major hippocampal pathways are excitatory. Fibers of 
the perforant path use glutamate as a transmitter (Storm-
Mathisen 6 Ottersen, 1984), as do the mossy fibers (Kugler, 
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Fig. 1.3: A schematic representation of the major synaptic connections in 
the hippocampal regio inferior. Ach: Acetylcholine; CCK: 
Cholecystokinmj Dyn: Dynorphins, Enk: Enkephalins; Glu: 
Glutamate; INT: Interneuron, (+) and (-): excitatory and 
inhibitory neurotransmission, respectively. 
1987) and the Schaffer collaterals (Malthe-S<l>renssen et al., 
1979). In the rat, the perforant path axons contain, in 
addition, at least one excitatory substance, cholecystokinin 
(Fredens et al., 1984), an octapeptide that has been found to 
stimulate dentate granule cells (Sinton, 1988). In the mouse, 
this neuropeptide has been found in the mossy fibers (Gall et 
al., 1986). The majority of the septal efferents employ 
acetylcholine (Wainer et al., 1985); these fibers make contact 
with, among others, hippocampal pyramidal and granular cells 
(Frotscher & Léránth, 1985). The output of the main hippocampal 
neurons is controlled by a network of circuits in which 
nonpyramidal neurons, especially GABAergic basket cells, are 
believed to exert a strategic influence. The basket cells 
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synapse on the somata of the pyramidal and granular neurons and 
are themselves recurrently innervated by their axon collaterals 
(Andersen et al., 1986; Gamrani et al., 1986). Basket cells can 
exert a dual influence on these neurons (see Pig. 1.3). 
Transmitters that induce the release of GABA inhibit, 
indirectly, pyramidal and granular cell activity. This feed-
forward mode of inhibition can be exerted by a number of 
neuronal systems, such as the septal efferents that employ 
acetylcholine (Léránth & Frotscher, 1987), the mossy fibers 
that utilize glutamate (Frotscher, 1985), the commissural 
efferents (Seress & Ribak, 1984), most likely through glutamate 
(Buzsàki & Eideiberg, 1981), and a variety of neuropeptides 
that originate from within or without the hippocampus (Dreifuss 
et al., 1985). Also, inhibitory transmitters act upon basket 
cells, blocking the action of GABA, and, through this, 
indirectly facilitate pyramidal- and granular cell-mediated 
responses. Neuroactive substances that exert their effects by 
this so-called disinhibitory mode of action are the hippocampal 
opioids (ZieglgMnsberger et al., 1979), noradrenaline (Leung & 
Miller, 1988), and GABA itself (Misgeld & Frotscher, 1986). The 
latter transmitter is probably used by a sparse 
septohippocampal pathway that, nevertheless, contacts most of 
the hippocampal basket cells (Freund & Antal, 1988). The role 
of the hippocampal opioids has especially been well 
investigated (Corrigall, 1983). These peptides are of special 
interest for the present study because there are indications 
that, at least in mice, they are released upon exposure to 
environmental novelty. In the next section, I shall discuss 
this in detail; here, I confine myself to a few introductory 
remarks. Among the opioid peptides, methionine- and leucine-
enkephalin have especially powerful disinhibitory potencies and 
have been reported to control CAI and CA3 pyramidal cell 
activities (Masukawa & Prince, 1982; Madison & Nicoli, 1988) as 
well as responses mediated by granule cells (Wiesner & 
Henriksen, 1987). These peptides have been found in 
interneurons located mainly in the vicinity of the predominant 
cell layers (Gall et al., 1984) as well as in the mossy fibers 
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(Gall, 1988). They exert their effects through sub-classes of 
opioid receptors, primarily delta- and mu-receptors (Dunwiddie 
& Su, 1988). The action of the dynorphins, another class of 
prominent hippocampal opioids, appears to be more complex. 
These neuropeptides, residing exclusively in the mossy fibers 
(Morris et al., 1986), are able to disinhibit pyramidal cells, 
probably by binding to mu-receptors located on basket cells 
(Iwama et al., 1986). Moreover, they can also inhibit CA3 
pyramidal neurons, most likely through their specific kappa-
receptors (Iwama et al., 1987). This action is not affected by 
GABA antagonists (ibid.) and hence may be a direct effect on 
the pyramidal cells. In addition, dynorphins inhibit these 
hippocampal neurons through a non-opioid mechanism whose nature 
is not yet understood (Moisés & Walker, 1985). 
The disinhibitory action of the opioid peptides is probably 
substantial in the hippocampus. Although pyramidal cells far 
outnumber interneurons (Cajal, 1893), it is likely that single 
GABAergic neurons make contact with a large number of 
pyramidals (Freund & Antal, 1988). Because of this, opioid 
action on relatively few basket cells will result in a 
widespread and powerful control of pyramidal cell activity. 
At this point it is important to take a closer look at the 
mossy fiber pathway because it exemplifies an intriguing case 
of hippocampal signalling complexity. These axons contain 
several neuroactive substances, excitatory as well as 
inhibitory, and contact CA3 pyramidal cells and a variety of 
interneurons, among which are the inhibitory basket cells. To 
reiterate briefly, the mossy fibers can activate pyramidal 
cells directly or indirectly through disinhibition. Moreover 
they can block the responses by direct contact or by means of 
feed-forward inhibition (see also Fig. 1.3). At present, the 
details of the combined action of mossy fiber neuromediators 
are obscure. It is unknown whether all these substances are 
employed by single boutons. In addition, individual fibers 
contact several cell types simultaneously (Frotscher, 1985). 
Moreover, the output of this pathway can be modulated by zinc, 
which is present in high concentrations in the mossy fibers 
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(Howell et al., 1984). There is evidence that the mossy fiber 
neuropeptides act quite differently from glutamate. The latter 
is believed to be a universal transmitter of this pathway, 
while there are indications that at least some of the peptides 
are used by only a subpopulation of the granule cells ( Gall, 
1988). There is also evidence that mossy fiber opioid peptides 
are released non-synaptically. Numerous studies have indicated 
that the location of the mossy fiber terminals, coinciding with 
the pyramidal dendritic fields, does not correspond with the 
distribution of the opioid receptors; the receptors are located 
mainly within the layer that contains the somata of the CA3 
neurons (see e.g. McLean et al., 1987). This so-called receptor 
mismatch is often taken to indicate a paracrine mode of 
communication (Herkenham, 1987), although other explanations 
are possible (¿bid.) 
The preceding is intended to give a view on the complexity 
of the neurochemical mechanisms utilized by the hippocampus to 
modulate its intrinsic information flow. The next section deals 
with the functioning of some of the hippocampal signalling 
components in the novelty-induced behavior of mice. 
1.3. 
The Importance of the Genotype 
1.3.1. 
The Genotype as a Tool 
In order to study functional relationships between behavior and 
its underlying neuronal substrate, lesion studies are often 
employed. The rationale for such an approach is that the normal 
functioning of the damaged brain part can be deduced from 
observations of anomalies in the behavioral output resulting 
from such lesions. Apart from introducing experimental 
artifacts, this approach underestimates the dynamic capacity of 
the nervous system. The residual brain, to a certain extent, 
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compensates for its lost capacities, leading to irregularities 
in behavior that do not necessarily reflect the lost function 
of the lesloned brain region. Despite these limitations, much 
useful information has been obtained from lesion experiments 
{cf. O'Keefe & Nadel, 1978, and Olton et al., 1979). An 
approach which circumvents the inherent disadvantages of 
lesions is the use of naturally occurring heritable variations 
in the brains of genetically-defined animals. Employing 
populations of homozygous mice, causal relationships between 
behavioral and neuronal variables can be determined (see 
section 1.3.2.2). The power of this approach is illustrated 
below by outlining the background of the behavioral-genetic 
studies that have led the way to the present research. 
Van Abeelen and coworkers have studied the functions of 
hippocampal neurotransmitters in the novelty-induced behavioral 
responses of mice. They manipulated hippocampal transmitter 
systems pharmacologically and investigated the effects of drugs 
and antisera on exploratory activities in mice from two inbred 
strains that differ for this behavior: the normally high-
scoring C57BL/6 and the normally low-scoring DBA/2. 
Intrahippocampal microinjections with the opiate antagonist 
naloxone (van Abeelen & van den Heuvel, 1982), or an antiserum 
directed against methionine-enkephalin (van Abeelen & Gerads, 
1986), or an antiserum directed against dynorphin В (van Daal 
et al., 1987), exerted opposite effects on the exploratory 
scores of mice from these strains: the activities of C57BL/6 
mice decreased while those of DBA/2 mice increased. The opiate 
receptor agonist morphine, injected into the hippocampus, 
reduced exploration in both strains (van Abeelen & van den 
Heuvel, 1982). Apparently, C56BL/6 animals possess a 
functionally well-balanced hippocampal peptidergic mechanism, 
since treatment with either agonist or antagonist depresses 
exploration. The scores of DBA/2 mice, in contrast, can be 
shifted in either direction, depending on the agent, indicating 
that their hippocampal peptidergic mechanism is in an 
unbalanced state, that is, hippocampal opioids are released in 
excess. This can be attenuated by blocking agents so that 
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exploration is augmented in DBA/2. Comparable investigations 
into hippocampal GABAergic (van Abeelen & Boersma, 1984) and 
cholinergic mechanisms (van Abeelen, 1974) have been performed. 
Here, too, the C57BL/6 animals were shown to be equipped with 
optimally functioning transmitter systems, whereas the 
hippocampus of DBA/2 mice is characterized by a deficient GABA 
release and a surplus of acetylcholine. 
The above results led these authors to postulate a triple 
transmitter system, involving the action of hippocampal opioids 
(cf. section 1.2.3. ). The hypothesis implies that novelty 
induces the release of hippocampal opioids that act to 
disinhibit cholinergically-innervated pyramidal cells by 
blocking GABAergic interneurons, thereby disinhibiting 
exploratory behavior (van Abeelen, 1989). 
These findings stress the utility of genetic variation as a 
research tool. The employment of different genotypes made it 
possible to analyze the functioning of hippocampal opioids in 
novelty-induced behavior of mice. 
1.3.1.1. 
Inbred Strains 
As stated above, a study of the functional relations between 
hippocampal variables and exploration can only be successful if 
genetically well-defined animals are used. The material of 
choice is found in inbred strains that have been established by 
a rigorous scheme of brother-sister matings. They can be 
regarded as inbred after 20 generations or more of sib-mating 
(Lyon, 1981). At that stage, this procedure, at least in 
theory, produces homozygosity at 98 percent of all loci that 
were heterozygous at the start of inbreeding. However, two 
prerequisites determine the usefulness of the strains. They 
must be unrelated and they have to differ for the behavior 
under study. If variations in exploratory activities have a 
genetic foundation, they are likely to be accompanied by 
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genetically-determined differences in neurochemical and 
anatomical characteristics. 
The four inbred strains employed in the present study, 
namely C57BL/6, DBA/2, BLN (Staats, 1985), and СРВ-K (Festing, 
1987), can be considered homozygous at all loci. Exploratory 
behavior varies among these strains. For example, differences 
in locomotor activity and in frequencies of rearing, leaning, 
and floor sniffing (see Chapter 3 for an ethogram) have been 
observed between C57BL/6 and DBA/2 (van Abeelen Б van den 
Heuvel, 1982), between СРВ-K and C57BL/6 (Crusio & van Abeelen, 
1986), and between BLN and C57BL/6 (van Abeelen, unpublished 
observations). These strains, therefore, can be regarded as a 
promising starting point for correlational studies. 
1.3.1.2. 
Heterogeneous lines 
Inbred mice are unlike feral mice. Correlations between 
hippocampal characteristics and exploration found in homozygous 
populations may suffer from confounding influences. For 
example, behavioral changes resulting from domestication have 
been reported (reviewed by Crusio, 1984). There is also the 
problem of whether a sample of inbred strains can ever be 
representative of a natural population (ibid.). A functional 
and gene-dependent relationship, determined with the use of 
inbred strains, should be confirmed in a heterogeneous 
population in which the alleles are randomized. For this 
reason, in the studies reported in this thesis, I have also 
employed a mouse population, denoted HL, made up of the gene 
pools of the four inbred strains mentioned above. These HL mice 
have been bred for maximum heterogeneity in which linkages 
between interacting genes must have broken down and adverse 
effects caused by homozygosity are avoided. With such a 
segregating population, the robustness of causal relationships 
between structural and behavioral variables can be tested. 
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1.3.1.3. 
Selection Lines 
In search of the genetic determinants of exploratory behavior, 
van Abeelen (1975) bred mice selectively for rearing frequency 
in an open-field. As the foundation population an F2 cross 
derived from C57BL/6 (high rearing frequency) and DBA/2 mice 
(low rearing frequency) was used. In the first four generations 
of bidirectional selection, the selected males were backcrossed 
with DBA/2 females. After this the selection was combined with 
sib-mating over more than 50 generations. The backcrossing 
procedure was employed to ensure that C57BL/6-alleles 
responsible for high rearing scores were transferred to a DBA/2 
background. A pronounced difference was achieved between the 
lines denoted SRH (selection for rearing: high) and SRL 
(selection for rearing: low). Genetic analysis of crosses 
between SRH, SRL, and DBA/2 revealed that the difference in 
rearing frequency could be attributed to a single genetic unit 
(van Abeelen, 1975; van Abeelen, 1977). 
Since the successful selection for a behavioral variable 
must be due to the existence of a genetic difference, it may be 
expected that the hippocampus has also undergone genetically-
controlled changes: correlated response to selection. In fact, 
morphometric data clearly indicate that this selective breeding 
has resulted in differences between SRH and SRL in infra- and 
intrapyramidal mossy fiber projections ending in the regio 
inferior (Crusio et al,, 1989a). 
1.3.1.4. 
Effects of Y-Chromosomal Variation 
Genetically heterogeneous mouse strains carrying Y chromosomes 
from various independent origins constitute a useful and 
efficient means to study the influences of Y-chromosomal 
variation on behavioral, physiological, and morphological 
phenotypes (van Abeelen et al., 1989). Using such a random 
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breeding population, confounding effects of systematic 
differences relating to autosomal, X-linked, cytoplasmatic, and 
maternal factors are randomized over Y-chromosomal groups and 
can thus be circumvented effectively. The heterozygous line 
(HL) described above is still segregating at the black-versus-
brown locus (B-b; chromosome 4) and the dense-versus-dilute 
locus (D-d; chromosome 9). This provides an opportunity to 
check whether these loci, or autosomal loci very tightly linked 
to them, cause behavioral or physiological differences between 
coat-color groups; an analysis of autosomal influences becomes 
possible. Since the autosomal variations are randomized over Y 
groups, Y-chromosomal effects can be investigated. 
1.3.2. 
Quantitative Genetics 
In this section a descriptive overview of quantitative-genetic 
theory is given as far as it is relevant to the framework of 
the present study. A detailed mathematical rendering of the 
methods is presented in Appendix I. Good introductory texts 
have been provided by Plomin et al. (1981) and Crusio (in 
press). More comprehensive treatises are the books by Falconer 
(I960, 1981) and Mather & Jinks (1971). 
Behavior is a phenotype and, like any other phenotype, 
develops under environmental as well as genetic influences. The 
well-known formula, Ρ = G + E, expresses the phenotype Ρ as the 
sum of genotype G and environment E. Quantitative genetics 
deals with the genetic influences on phenotypes that show 
continuous variation and can therefore be quantified, like 
weight, length, and behavioral activities. This contrasts with 
Mendelian genetics which deals only with discrete phenotypical 
characteristics, such as color or blood group. Quantitative-
genetic methods allow genetic and environmental effects to be 
separated. 
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1.3.2.1. 
Heritability 
The influences of genetic variation on behavior can be derived 
from the phenotypic variation observed in populations. The 
phenotypic variance Vp can be expressed as Vp = VQ + Vg. To 
describe the extent to which genes affect a phenotype, the 
concept of heritability has been introduced. Heritability is 
the proportion of the observed variance Vp in a population that 
is contributed by genetic differences between individuals. 
Heritability can be expressed as: VQ/Vp. If, for instance, a 
heritability of 0.25 is estimated for exploratory activity in a 
mouse population, it signifies that 25% of the variation 
observed is contributed by genetic differences between 
individuals and 75% of it must be attributed to environmental 
factors. 
VQ can be considered to consist of three components: one 
that considers additive effects of the alleles involved, one 
that expresses the effects of dominance (interactions within 
loci), and one that regards epistasis (interactions between 
loci). By definition, as far as the additive-genetic effects 
are concerned, the mutual interference of alleles at a 
particular locus is excluded. Like dominance, epistasis tends 
to bias the estimate of the influence of alleles. 
The heritability calculated on the basis of additive-
genetic variation is the narrow-sense heritability. If it is 
high, it reveals that a trait has been subject to stabilizing 
selection during its evolutionary past. Other diagnostic 
features of stabilizing selection are linkage of increaser with 
decreaser alleles and either the absence of dominance or the 
presence of ambidirectional dominance. Stabilizing selection 
favors intermediate expression of a phenotype. Also, a 
heritability in the broad-sense is recognized. It is the 
proportion of phenotypic differences due to all sources of 
genetic variance, additive and nonadditive. If it is high, 
relative to the narrow heritability, this type of heritability 
points to an evolutionary history of directional selection 
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resulting in large directional dominance and low levels of 
additive-genetic variation. Directional selection favors either 
high or low expression of a phenotype (see, further, Broadhurst 
S. Jinks, 1974). 
1.3.2.2. 
Genetic Correlations 
Behavior can be traced back, by descending a hierarchical web 
of neural systems, to its genetic foundations. Genes act on 
structural and neurochemical variables. Possible functional 
relationships with behavior can be supported by calculating 
genetic correlations between traits (see Appendix I). In 
contrast, a phenotypic correlation found between characters 
does not necessarily reflect a genetic causal relationship, 
because confounding environmentally-induced effects cannot be 
excluded. Genetic correlations based on additive-genetic values 
are reliable estimators for interdependences caused by 
plelotropy, that is, the existence of a set of genes that 
influence characters simultaneously. For these variables, at 
least part of the intermediate pathway leading from genotype to 
phenotype is shared and a functional relationships must be 
present. However, the absence of genetic correlations need not 
imply the absence of a causal relationship between the 
phenotypes studied. Subsets of pleiotropic genes may cause 
opposite relationships between two traits which thus cancel 
each other out. As a net result, no significant correlations 
will emerge in such a case. 
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1.4. 
Objectives of the Research 
The research described in the present thesis addresses the 
following questions. 
1. Can more insight be gained in the morphology of hippocampal 
opioid-containing structures in animals from the inbred 
strains and heterogeneous line mentioned (see section 
1.3.1.1. and section 1.3.1.2.) as a first step towards 
understanding their role in the exploratory behavior of 
mice? Until now, the structures in which these peptides 
reside have been only poorly investigated in this species. 
In the studies reported upon in Chapter 2 their hippocampal 
organization is traced by means of immunohistochemical 
methods at the light- and electron-microscopical level. 
2. Are hippocampal opioids released upon exposure of mice to 
environmental novelty? So far, only indirect evidence in 
favor of this idea exists {cf. section 1.3.1.). In the study 
outlined in Chapter 5 a more direct approach is undertaken. 
Using a radioimmunoassay, the hippocampal levels of two 
opioids were monitored in mice that have explored an 
observation cage and compared with those of animals that 
have not experienced environmental novelty. 
3. Can functional relationships be uncovered between 
hippocampal opioid mechanisms and the novelty-induced 
behavior of mice by estimating heritabilities and genetic 
correlations? Since the hippocampus is a crucial 
intermediate in the processing of novel information, 
genetically-induced changes in exploratory behavior are 
likely to entail detectable influences on its fiber networks 
and transmitters. The studies described in Chapters 3 and 5 
pursue this question. In addition, can exploratory behavior 
be changed by intrahippocampal administration of an antibody 
raised against an opioid peptide? In Chapter 4 such an 
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approach is attempted in order to gain further insight into 
the genotype-dependent modus operandi of the peptidergic 
system involved. 
4. Can more information be obtained about the dynamics of 
hippocampal opioids? For example, do these peptides act as 
neuroactive substances? Do they exert their influence 
through a disinhibitory mechanism? Can some aspects with 
regard to biosynthesis and processing of these neuropeptides 
from their precursors be elucidated? The first and second 
question are approached by in vitro studies in which 
hippocampal slices are superfused and the release of 
endogenous opioids and radiolabeled GABA are analyzed. 
Questions concerning biosynthesis and processing of the 
hippocampal opioids are considered through the use of 
chromatographic and electrophoretic techniques to analyze 
the molecular forms of the opiate-related peptides in this 
tissue (Chapter 6). 
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Chapter 2 ) 
DYNORPHIN В AND METHIONINE-ENKEPHALIN IN THE MOUSE HIPPOCAMPUS 
2.1 
Introduction 
HIPPOCAMPAL OPIOID PEPTIDES participate in the regulation of 
mouse exploratory behavior (see Ch. 1, section 1.3.1. ). To 
recapitulate, briefly, it was postulated that these 
neuropeptides act to disinhibit cholinergically-innervated 
pyramidal cells by blocking inhibitory GABAergic interneurons, 
thereby disinhibiting exploratory behavior. In addition, 
indirect evidence has been obtained that exposure of mice to 
environmental novelty induces the release of hippocampal 
dynorphin в and methionine-enkephalin (ibid.). Although these 
studies have shed light on the function of the peptides, it is 
of importance to elucidate which hippocampal neuronal networks 
participate in the control of behavior by dynorphin Β and 
methionine-enkephalin. Therefore, a search was undertaken, 
light-microscopically, for the hippocampal distribution of 
immunoreactive dynorphin В and methionine-enkephalin. The 
results are compared with a recent finding in the mouse (Gall, 
19Θ8) and with findings in rats and guinea pigs (Fallon Б 
Leslie, 1986; Gall et al., 1981; Hoffman et ai., 1983; 
Merchenthaler et al., 1986; Morris et ai., 1986) concerning the 
distribution of dynorphin В and methionine-enkephalin. In 
addition, the present studies were extended to the 
ultrastructural level for the former peptide. 
In order to investigate the functioning of hippocampal 
opioid-containing neurons in the genetically-controlled 
exploratory behavior of mice, it is necessary to ascertain 
whether the tissue distribution of these peptides depends on 
the genotype (cf. Ch. 1, section 1.3.1.). For this purpose, 
animals from the high-exploring inbred strain C57BL/6 and the 
' Parts of this Chapter have been published in Neurosci. Lett. 97, 241-24Д 
(1989). 
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low- exploring strain DBA/2 were employed for a comparative 
study. 
2.2. 
Methods 
2.2.1. 
Production and Characterization of Antisera Directed Against 
Dynorphin В and Methionine-Enkephalin 
The antisera were raised in rabbits following a procedure 
described by Hong et al., 19Θ3. Briefly, 5 mg of the synthetic 
peptides dynorphin В (Rimorphin) or methionine-enkephalin (both 
purchased from Bachem, Switzerland), dissolved in 25 mM sodium 
phosphate buffer (pH 7.4), were coupled to 25 mg of 
thyroglobulin (Sigma) by 1.2 mg of carbodiimide (Sigma) in a 
total reaction volume of 950 μΐ. The percentage of coupling was 
monitored by determining the binding of radiolabeled peptide 
added to the reaction mixture (ca. 105 cpm 125I-peptide; for 
preparation, see Ch. 5, section 5.2.4.1. ). The mixture was 
shaken gently at 4 С for 20 h, whereafter the unbound peptide 
was removed by dialysis (20 h). The dialysate, divided into 
portions of ca. 0.5 mg total protein, was lyophilized. 
For immunization, the conjugated peptides were redlssolved 
in 1 ml of saline and mixed with 1 ml of complete Freund's 
Adjuvant (Sigma) by vigorous shaking. The suspension was 
injected intradermally, in approximately 40 sites, in the back 
of the rabbit. The immune response was boosted every two weeks, 
using the same dose with incomplete Freund's Adjuvant (Sigma). 
Nine weeks after the first immunization, about 25 ml of 
blood were drawn from the major ear vein by using a 1.1 mm 
hypodermic needle. This procedure was repeated every two weeks. 
The serum was stored at -20'C after it had been made freeze-
resistant by the addition of an equal volume of glycerol. 
Antibodies directed against dynorphin В and methionine-
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enkephalin were traced by means of a radioimmunoassay (see Ch. 
5, section 5.2.4.2, for particulars). Specificity of these 
antisera under immunohistochemical conditions was tested by 
preadsorption with 100 μΜ of the homotypic antigens and by the 
paper strip method (Larsson, 1981). The latter method was 
conducted using Whatman No. 1 filter paper on which both the 
homotypic and heterotypic antigens, in concentrations from 400 
pg up to 0.1 μg and dissolved in 0.1 N НСІ/СН3ОН (l:lv/v), were 
spotted in a volume of 2 μΐ. After drying, the paper was 
exposed to paraformaldehyde vapor at 80'C for 1 h. For 
immunostaining the spots, the procedure described for the 
hippocampal tissue (section 2.2.4.1.) was followed. 
The Mouse Strains used 
Male mice of the strains C57BL/6JKunNmg and DBA/2JNmg were used 
at the age of 3-4 months. Details about husbandry and 
maintenance of the animals can be found in Chapter 3, section 
3.2.1. 
2.2.3. 
Colchicine Treatment 
In order to visualize immunoreactive cell bodies, mice were 
treated with colchicine, a drug that blocks axonal transport. 
The animals received 10 μg of colchicine dissolved in 2 μΐ of 
saline, by injecting it under ether anesthesia into the right 
lateral ventricle 72 h before they were sacrificed. 
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2.2.4. 
Perfusion Technique and Tissue Staining 
2.2.4.1. 
Light-Microscopy 
A fixation procedure described by Somogy Б Talcagi (1982) was 
employed, with some modifications. The animals were perfused 
transcardially, under deep Nembutal anesthesia, with about 15 
ml of ice-cold Туrode's solution (gassed with a mixture of 95% 
O2 and 5% C02# prior to use) for 5-10 sec and, immediately 
thereafter, with 250-300 ml of ice-cold fixative for about 10 
min. The fixative consisted of 4% paraformaldehyde (Merck), 
0.05% glutaraldehyde (BDH), and 0.2% picric acid (Merck) and 
was buffered with 0.1 M sodium phosphate, pH 7.2-7.4. After 
perfusion, the brains were dissected from the skull and 
postfixed in the same fixative (without glutaraldehyde) at 4*C 
for 2 h, submerged in 20% sucrose in the aforementioned buffer, 
and shaken gently overnight at 4·α. 
Immunohistochemistry was performed on 25 wm transverse 
cryostat brain sections that had been sampled in the rostro-
caudal direction. Individual tissue slices were expanded in 
water drops on gelatine-coated glass slides and adhered to 
these by letting them dry at room temperature for at least 3h. 
The coating was achieved by submerging chromic acid-defatted 
glass slides in a solution of 0.5% gelatine and 0.05% ammonium 
nickel sulphate for 1 h and drying them at room temperature 
overnight. 
The brain slices were washed in saline buffered with 50 mM 
Tris, pH 7.6, (TBS) that contained 0.5% Triton X-100 and then 
incubated in 20% normal goat serum (NGS), at room temperature 
for 20 min. Incubation of the anti-dynorphin В and the anti-
methionine-enkephalin antiserum, both at a 1:5000 dilution, 
together with 1% NGS, took place at 4*0 for 46 h. Tissues, 
processed by the peroxidase anti-peroxidase (PAP) technique, 
were treated with goat anti-rabbit y-globulin (1:50; Nordic, 
Tilburg, The Netherlands) for 2 h and with PAP-complex (1:300; 
UCB-Bioproducts, Braine-L'Alleud, Belgium) for 2.5 h at room 
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temperature. Diaminobenzldine (DAB; Sigma) (0.25 mg/ml, 
dissolved in 50 mM Tris buffer, pH 7.6, containing 0.01% H2O2 
and 5 mg/ml ammonium nickel sulphate) served as the chromogen. 
The reaction, at room temperature, was terminated within 5 to 
10 min. Finally, the mounted tissue sections were dehydrated 
and sealed in Entellan. 
2.2.4.2. 
Electron-Microscopy 
Mice, from strain DBA/2 only, were transcardially perfused with 
ca. 400 ml of 2% (ice-cold) glutaraldehyde (EM-grade; Agar Aids 
LTD, UK) buffered by 100 mM sodium phosphate, pH 7.4, for about 
10 min. During this, the animals lay embedded in ice. The 
brains were taken out and postfixed in the same fixative at 
4*C, by gently shaking, for about 2 h. Fifty pm transverse 
vibratome (Oxford) brain slices were made cryoresistant by 
successive immersions in 15% and 30% phosphate-buffered 
sucrose. In 1 ml of the latter solution the slices were freeze-
thawed with the aid of liquid nitrogen. 
For pre-embedding immunohlstochemical analyses, free-
floating tissue sections were submerged in 20% NGS, buffered by 
TBS, at room temperature for 20 min. Incubation with the anti-
dynorphin В antiserum, diluted 1 : 20.000, together with 1% 
NGS, was carried out at 4*C overnight. The immunostaining, at 
room temperature, was performed with biotinylated goat anti-
rabbit y-globulin (Vectastain ABC kit. Vector laboratories, 
Burlingame, CA, USA), diluted 1 : 250, for 1 h and avidin 
biotinylated-horse-radish peroxidase complex (ibid.), at a 
dilution of 1 : 250, for another hour. DAB (0.01%), with H2O2 
(0.005%) and ammonium nickel sulphate (0.5%), was allowed to 
react for 10 min. 
Hippocampal tissue was freed from the surrounding brain 
tissue, osmificated in an aqueous solution of 2% osmium 
tetroxide (OSO4) and 1.5% potassium ferrocyanide (K4[Fe(CN)g]) 
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for 30 min, dehydrated, and flat-embedded in Spurr's resin 
(Serva). 
A mossy fiber field (cf. Ch. 1, section 1.2.1.) of interest 
was selected on a trimming device that was equipped with a 
transillumination apparatus (Valentijn et al., 1989). Ultrathin 
sections were collected on formvar coated single slot grids. To 
enhance contrast, the tissue sections were incubated in a 2% 
solution of uranylacetate for 15-30 min. The ultrastructural 
localization of the immuno-precipitated DAB reaction product 
was examined with a JEOL JEM CX 100II electron microscope. 
2.3. 
Results 
2.3.1. 
Characterization of the Antisera 
The paper strip technique is considered a good simulation for 
determining antibody specificity to antigens in fixed tissue 
(Larsson, 1981). According to this method, the anti-dynorphin В 
antiserum, obtained from the second bleeding, recognized 
neither methionine-enkephalin nor leucine-enkephalin and showed 
a low affinity to dynorphin A (1-7) and dynorphin A (1-13): 
crossreactivity with the latter two peptides was less than 1% 
(see also Ch. 5, Table 5.1.). The anti-methionine-enkephalln 
antiserum, obtained from the eighth bleeding, crossreacted 2-4% 
with leucine-enkephalin but bound neither dynorphin В nor the 
dynorphin A fragments (ibid.). Moreover, preadsorption with the 
homotypic antigens eliminated immunostaining completely. Non­
specific precipitated DAB was observed only to a low extent and 
could easily be distinguished from antigen-mediated 
immunostaining. Storage of the antiserum-glycerol mixture at 
-20'C (up to 4 years) did not influence, noticeably, either the 
affinity or the specificity of the antibodies. 
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2.3.2. 
Localization at the Light-Microscopic Level 
Mossy fibers and cell bodies stained for methionine-enkephalin-
immunoreactivity. The cell bodies were diffusely spread within 
the hippocampus but showed some concentration in and around the 
Stratum pyramidale of the regio superior and the Stratum 
granulosum (Fig. 2.1). Also, an aggregation of large 
enkephalin-immunoreactive somata at the transition between the 
CAI and CA3 pyramidal cell layers was observed (Fig. 2.2). 
Figs. 2.1 & 2.2; Methionine-enkephalin-containing neurons, diffusely spread 
within the hippocampal CAI region (2.1) and clustered at 
the transition between the CAI and CA3 pyramidal cell 
layers (2.2), in mouse brain sections. Scale bar - 100 pm 
and 50 μιη for 2.1 and 2.2, respectively. 
Figs. 2.3 & 2.4: Dynorphinergic hippocampal raossy fibers in C57BL/6 mice 
(2.3) possessing intra- and infrapyramidal projection 
areas, as indicated by arrowheads, that were considerably 
larger than those in DBA/2 animals (2.4). Representative 
brain sections. Scale bar - 500 pra. 
- 31 -
Dynorphin B-immunoreactivity was restricted to the mossy 
fibers (Figs. 2.3 and 2.4); moreover, in colchicine-treated 
animals it was limited to the perikarya of the granule cells of 
the dentate area. However, not all granular somata seemed to 
stain for this peptide. Compared to the methionine-enkephalin-
immunoreactive mossy fibers, the dynorphin-immunoreactive mossy 
fiber projection zone appeared to be much denser. 
A difference was observed between the strains C57BL/6 and 
DBA/2 with regard to the sizes of the dynorphin B-positive 
intra-and infrapyramidal mossy fiber terminal fields: visual 
inspection revealed that they were about twice as long in 
C57BL/6 (see Figs. 2.3 and 2.4). Intra- and infrapyramidal 
mossy fibers containing methionine-enkephalin were rare. 
2.3.3. 
Ultrastructural Localization of Dynorphin В 
In the hippocampal CA3 region of the mouse, numerous giant 
mossy fiber boutons stained for dynorphin B. These fiber 
endings, measuring 4-7 \m in diameter, were tightly packed with 
spherical vesicles and contained peripherally located 
mitochondria (Fig. 2.5). Dense-core vesicles were only seen in 
tissue that had not undergone immunohistochemical staining. 
Dynorphin B-immunoreactivity was found primarily in the mossy 
fiber boutons, only occasionally axon segments of this pathway 
stained for the tridecapeptide. 
A small percentage of the mossy fiber boutons in the CA3 
area did not stain for the tridecapeptide (Fig. 2.5). Their 
relative number, roughly estimated, was about 5% in freeze-
thawed tissue but less in tissue that had not been subjected to 
the cryo-shock. On the other hand, in the hilus about half of 
the mossy fiber endings, in nonfreeze-thawed tissue, were found 
to be immuno-negative. These neurochemically different bouton 
populations could not be discriminated morphologically. 
Dynorphin B-immunoreactive mossy fiber boutons made 
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Fig. 2.5: Electron micrograph of two САЗ raossy fiber boutons localized at 
the cutting edge of non-freeze thawed tissue. Only one bouton had 
stained for dynorphin B. Magnification; 5,300 x. 
Fig. 2.6: A dendrite displaying spines (indicated by arrows) that innervate 
dynorphin B-containing raossy fiber boutons. The non-freeze thawed 
tissue was obtained from the CA3 region; magnification: 2,700 x. 
Fig. 2.7: Multiple synaptic contacts (indicated by arrows) between 
dynorphin B-iramunoreactive raossy fiber boutons and a smooth 
dendrite in the CA3 region. Nonfreeze-thawed tissue; 
raagnification; 2,700 x. 
Fig. 2.8: A section through a single raossy fiber bouton in the CA3 region 
showing a spot-like presence of dynorphin B-immunoreactivity in 
one extension. Nonfreeze-thawed tissue; raagnification: 3,000 x. 
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multiple asymmetric synaptic contacts with branched dendrites 
(Fig. 2.6), as well as with smooth dendrites (Fig. 2.7). 
Immunoreactivity in the giant boutons often appeared spot-like 
in freeze-thawed tissue but homogenous, and much more opaque, 
in tissue that had not undergone the cryo-shock. These spots 
did not seem to be related to synaptic specializations and, in 
serial sections, were observed in filipodial extensions of the 
mossy fiber boutons (Fig. 2.8). 
2.4. 
Discussion 
In the mouse hippocampus, methionine-enkephalin was found in 
two neuronal populations: the mossy fibers and cell bodies 
whose overall appearance indicates that they are probably 
interneurons. The diffuse distribution of these cells over the 
hippocampal fields has been seen in the mouse (Gall, 1988) and 
in the rat (Gall et al., 1981). Here, in addition, an 
enkephalinergic cell cluster located in the vicinity of the CA2 
pyramidal cell layer was observed, a finding which has not been 
reported by the authors mentioned above. 
It is concluded that in the mouse hippocampus dynorphins 
are confined to the mossy fiber pathway, which confirms a 
recent finding in this species (Gall, 1988) and is in line with 
findings in rats (Chavkin et al., 1985; Fallon & Leslie, 1986; 
Morris et al., 1986). Fiber density seemed to be less for 
methionine-enkephalin-containing mossy fibers than for 
dynorphin B-containing mossy fibers, which suggests that a 
smaller population of the granular neurons produces the 
pentapeptide. In particular, the cells that constitute the 
intra- and infrapyramidal mossy fibers lack methionine-
enkephalin. Gall (1988) has also suggested differences in mossy 
fibers immunoreactive for these peptides and demonstrated, in 
addition, that the granular cell population diverges with 
respect to the biosynthetic activity of dynorphin В and 
- 34 -
methionine-enkephalin (cf. Ch. 5, section 5.4.). 
At the ultrastructural level, dynorphin B-immunoreactivity 
was found almost exclusively in the mossy fiber boutons. In 
addition, the results indicate that not all the granular 
neurons contain this peptide. Dynorphinergic fiber endings 
probably make contact with at least two cell types. The complex 
dendritic spines or excrescences, that were frequently found to 
be innervated by boutons, most likely represent dendrites 
belonging to CA3 pyramidal neurons (Cajal, 1911), while the 
smooth dendrites are probably of non-pyramidal origin. It is 
tempting to suggest that the latter belong to inhibitory basket 
cells (cf. Ch. 1, section 1.2.), although at this stage no 
reliable interpretation about the nature of these neurons can 
be given. 
The mossy fiber pathway seems, predominantly, to display 
asymmetric synapses, an observation which has also been 
reported for the guinea pig (Frotscher, 19Θ5). These membrane 
specializations are traditionally thought to reflect excitatory 
synaptic transmission (Eccles, 1964) although, recently, the 
validity of this concept has been questioned (Léránth et al.. 
1988). However, the present finding is in line with the idea 
that the mossy fiber pathway predominantly acts through the 
excitatory transmitter glutamate (see Ch. 1, section 1.2.3.). 
Interesting in this respect is the finding that dynorphin B, an 
inhibitory neuromediator (Ch. 1, section 1.2.3. ), is seen 
accumulating in the giant bouton extensions which are reported 
to make, preferentially, symmetric (i.e. inhibitory, according 
to the above-mentioned concept) synaptic contacts (Amarai, 
1979). Moreover, in these locations dense-core vesicles, which 
take part in secretory events (Watamabe et al., 1989) and are 
assumed to contain neuropeptides (Pickel et al., 1979), are 
frequently encountered (Amarai, 1979). It should be noted, 
however, that in the present study such dense-core vesicles in 
immunohistochemically-processed tissue were not observed. Also, 
it could not be unequivocally ascertained whether the spot-like 
appearance of immunoreactive dynorphin В reflects the 
physiological dynamics (e.g. the release profile) of this 
- 35 -
hippocampal opioid or is the result of experimental artefacts, 
such as the freeze-thaw treatment. 
A most interesting observation was the difference observed 
between strains C57BL/6 and DBA/2 with regard to the sizes of 
the dynorphin B-positive intra- and infrapyramidal mossy fiber 
terminal fields: they were longer in C57BL/6. This agrees with 
differences between these mouse strains as found by others 
(Crusio et ai., 1987) using an entirely different staining 
method, namely Timm's silver sulphide technique. The above 
neuroanatomical between-strain variation strengthens the 
conclusion, drawn later in this thesis (Chapter 5; van Daal et 
al., 1987), that the functioning of the dynorphinergic pathway 
in the regulation of mouse exploratory behavior depends on the 
genotype. 
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Chapter 3 
A GENETIC-CORRELATIONAL STUDY OF HIPPOCAMPAL STRUCTURAL 
VARIATION AND VARIATION IN EXPLORATORY ACTIVITIES OF MICE 
3.1 
Introduction 
IN THE MAMMALIAN BRAIN, the hippocampal mossy fibers are seen 
as a bottleneck in the processing of sensory information (see 
Ch. 1, section 1.2.)· I n mice, the size of the intra- and 
infrapyramidal mossy fiber (iip-MF) projection zone correlates 
with two-way active avoidance learning (Schwegler Б Lipp, 
1983), water-maze learning (Schwegler et al., 1988), radial-
maze performance (Crusio et al., 1987), Y-maze discrimination 
(Lipp et al., 1986), habituation and locomotor activity in the 
open-field (Crusio & Schwegler, 1987; Lipp et al., 1986), and 
behavioral responses to novelty (Crusio et al., 1989c). The 
rodent hippocampus is regarded as a crucial neural intermediate 
involved in the regulation of exploratory activities (Ch. 1, 
section 1.2.) and, probably, hippocampal opioid peptides are 
important neurochemical substrates that control exploratory 
behavior (Ch. 1, section 1.3.1.). In studies of the genetic 
determinants of exploratory behavior, evidence has been found 
of naturally-occurring heritable variations in - dynorphin B-
containing - mossy fibers in mice from two inbred strains 
differing in exploratory behavior (Chapter 2; van Daal et al., 
1989). From these observations, one may postulate that genetic 
variation in hippocampal dynorphinergic mossy fiber projections 
plays a role in processes determining variation in mouse 
exploration. A suitable approach to test this hypothesis is the 
quantitative-genetic method described in Chapter 1, section 
1.3.2, which allows the estimation of heritabilities and 
additive-genetic correlations. For this purpose, mice from four 
inbred strains which differ in their behavioral responses to 
environmental novelty, as well as mice from a heterogeneous 
line, were used. Their hippocampal mossy fiber projections were 
visualized by means of immunohistochemistry, using an anti-
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dynorphin В antiserum. In addition, since the heterozygous 
population carries ï chromosomes from four independent origins 
{cf. Ch. 1, section 1.3.1.4), possible Y-linked influences on 
behavioral variables and on mossy fiber terminal fields were 
investigated. 
3.2. 
Methods 
3.2.1. 
Strains of Mice and Husbandry 
Twenty male mice, aged 14 ± l wk, from each of the inbred 
strains C57BL/6JKunNmg, DBA/2JNmg, BLN/Nmg, and CPB-K/Nmg (see 
Ch. 1, section 1.3.1.1) and 22 males from the 18th generation 
of a heterogeneous population, HL, (see Ch.l, section 1.3.1.2) 
were used. The animals were bred in our laboratory under 
standard conditions. Newborn animals were routinely fostered to 
nursing mothers from a randomly bred stock and weaned at 4 
weeks. The mice were kept 2-4 in plastic breeding cages until 2 
months of age, after which they were maintained individually. 
The cages, which had a metal cover and a wood-shavings bedding, 
were cleaned once a week. Food pellets (Hope Farms) and tap 
water were freely available. The mice were housed in an air-
conditioned mouse room (20-21*C) under a ll/13h light/dark 
cycle. At about 11 weeks, the animals were dipped in an 
ectoparasite-killing solution. 
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3.2.2. 
Exploratory Behavior 
3.2.2.1. 
Ethogram 
The definitions of the behavioral components are based on an 
ethogram of the mouse as constructed by van Abeelen (1963). 
LOCOMOTION: ambulatory activity, expressed as the number of 
line crossings by the animal, disregarding the tail. 
REARING: standing upright on the hind-legs, with the forepaws 
not touching any surface. 
LEANING: leaning against the wall; while standing on its hind-
legs, the mouse places one or two forepaws against the wall. 
OBJECT-LEANING: one or two forepaws are placed against the 
object. This posture may be combined with sniffing at the 
obj ect. 
OBJECT-SNIFFING: the nose is held close to the object or is 
actually touching it, showing the characteristic sniffing 
movements. 
SNIFFING: the nose is held close to a particular spot on the 
floor while movements of the nasal skin take place. Doing this, 
the animal may be moving (not: walking). 
GROOMING: these activities include face-cleaning, fur-licking, 
and scratching. The total duration was recorded. 
Recording and Quantification 
Behavioral recordings took place between 10.30h and 12.30h 
(MET) in a sound-proof observation room at an ambient 
temperature of ca. 200C and a relative humidity of 50-60%. 
About 45 min prior to the observation session, the animals, in 
their home cages, were placed in this room in order to 
acclimatize them to the new surroundings. Individual mice were 
allowed to explore a new environment, an observation cage, for 
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20 min. The observation cage, measuring 108x49x49 cm, was lit 
from above by fluorescent tubes and its floor and walls, except 
for the glass front pane, were painted pale green. A prismatic 
metal object, measuring 12x12x7x7 cm, was attached to the back 
wall, 5 cm above the floor. The floor was divided in 21 
rectangles by painted lines. The recording sequence was 
randomized over litters and strains. The behavioral activities 
were observed directly and continuously and their frequencies 
were registered on checklists. Sessions were prolonged by the 
number of seconds taken up by non-exploratory behaviors, such 
as grooming, to correct for lost opportunities to carry out 
the, rapidly executed, exploratory acts. 
3.2.3. 
Morphometry 
3.2.3.1. 
Defining the Morphometric Variables 
The areas of the terminal fields of the suprapyramidal mossy 
fibers (sup-MF) and the intra- and infrapyramidal mossy fibers 
(iip-MF), without the hilar projections, were determined. The 
latter were included as a separate variable. Dynorphinergic 
iip-MF frequently did not appear in the form of a coherent 
fiber track. In such cases, the total projection area of these 
axon terminals was set equal to the sum of the individual 
synaptic fields. All areas were expressed in relative units, 
that is, relative to the regio inferior. This region was 
defined by the outer demarcations of the ventral hippocampal 
formation, the hippocampal fissure, and a straight line drawn 
from the far-most end of the fissure to the opposite side of 
Ammon's horn and touching the tip of the mossy fiber bulbus 
(see Fig. 3.1). In addition, the lengths of both mossy fiber 
tracks were considered. They were measured from their 
bifurcation point to their extreme points. The length of the 
iip-MF was expressed relative to that of the sup-MF. The latter 
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Fig. 3.1: A schematic drawing of a hippocaropal cross-section 
indicating the level of measurement. The regio 
inferior is indicated by wide-spaced hatching, the 
mossy fiber pathway by cross-hatching. For 
explanation of symbols and abbreviations, see text 
(section 3.2.3.). 
variable was measured in pm, because no suitable reference 
measure was available. All variables were determined for the 
left- and right-side hippocampi separately. 
3.2.3.2. 
Selection of Hippocampal Level 
The level of measurement was chosen on the basis of the 
characteristic features which the mossy fiber pathway displays 
in a view perpendicular to the plane of sectioning of the 
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dorsal hippocampus. To ensure reliable measurements, however, 
the following criterion was applied in selecting the level of 
measurement. Two lines were drawn on a hippocampal projection 
image. One, A, spanned the mossy fiber pathway from the tip of 
the bulbus to the far-most end of the hilus. Perpendicular to 
it, line B, drawn through the bifurcation point of the two 
mossy fiber tracks, measured the dorso-ventral distance over 
all hippocampal fields (see Fig. 3.1). The aimed-at hippocampal 
level was approached from the rostral side, as determined by 
the direction of tissue sectioning, and was attained as soon as 
the ratio B/A equaled 0.5. From there, five alternate sections 
were taken for morphometry. Since the brains of the mice turned 
out to be fairly asymmetrical with regard to the position of 
the hippocampi, the starting-points for sampling were 
determined for left- and right-side hippocampi separately. 
3.2.3.3. 
Instrumentation and Method of Measurement 
Dynorphinergic mossy fiber terminal fields were drawn, using a 
projection image (magnification: 90x), by encircling the dark 
DAB-reaction product or by taking field markings defined 
beforehand in case of the regio inferior (see section 
3.2.3.1. ). The areas were determined planimetrically with the 
aid of a computer-supported graphics tablet (Hewlett-Packard; 
with kind permission of Dr. H. Schwegler, Frankfurt, FRG). The 
lengths of the mossy fiber projection zones were assessed by 
means of a projection microscope (Leitz) connected to a 
graphics tablet (MOP/Digiplan, Kontron Messgeräte, FRG); 
magnification: lOOx. 
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3.2.4. 
Tissue Preparation and Immunohistochemistry 
Immediately after the behavioral recording session, the animals 
were given deep Nembutal anesthesia and a fixative was applied 
by transcardial perfusion, after which brain tissue was 
processed for immunohistochemistry. Procedural details are 
described in Chapter 2, section 2.2.4.1. Here, however, the 
cryostat brain sections, before being processed, were collected 
at -20'C and the tissue was exposed overnight to the anti-
dynorphin В antiserum. 
3.2.5. 
Statistics 
Nonparametrical procedures were applied to evaluate litter 
effects (Kruskal-Wallis one-way analysis of variance), 
hippocampal left-right differences (Wilcoxon matched-pairs 
signed-ranks test, two-tailed), and strain differences (Mann-
Whitney £/-test). Y-chromosomal effects were evaluated by means 
of an appropriate unbalanced one-way analysis of variance, 
ANOVA. Heritabilities and (genetic) correlations, with their 
significance levels, were calculated by using the quantitative-
genetic methods described in Ch. 1, section 1.3.2 and Appendix 
I. A principal component analysis was performed on the 
additive-genetic correlations (гд). Only those components that 
showed eigenvalues il were retained and an orthoblique Harris-
Kaiser rotation (SAS User's Guide, 1985) was applied (weighted 
principal factor analysis). 
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3.3. 
Results 
Within-
3.3.1. 
and Between-Strain Differences 
With regard to the behavioral activities, litter effects were 
only observed in BLN for object-leaning (p<0.04) and in HL for 
object-sniffing (p<0.04) and grooming (p<0.03). As for the 
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Fig. 3.2: The arrows indicate the direction of differences for 
the behavioral scores (p<0.05) when the strains grouped 
vertically are compared to those arranged horizontally. 
For example, C57BL/6 animals displayed, generally, the 
highest rearing and leaning frequencies among the 
inbred strains. The behavioral scores can be found in 
Appendix II, Table A. 
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STRAIN DIFFERENCES FOR AREA AND LENGTH OF LEFT- AND RIGHT-SIDE 
HIPPOCAMPAL DYNORPHINERGIC MOSSY FIBER PROJECTIONS 
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Fig. 3.3: A and L (prefix): area and length, resp.; L and R 
(suffix): left- and right-side hippocampus, resp.; sup 
and up: suprapyramidal mossy fibers and intra- and 
infrapyramidal mossy fibers, respectively. Strain 
differences (p<0.0S) are indicated by arrows, in the 
same way as in Fig 3.2. The morphometnc data can be 
found in Appendix II, Table C. 
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hippocampal variables, litter influences were found in HL for 
the areas of the left-side sup-MF (p<0.04) and the hilus: both 
left- (p<0.04) and right-side (p<0.05). BLN litters contributed 
to variation in the areas of the right-side hilus (p<0.02). 
These few litter effects were not seen as an important 
disturbing factor and were ignored. Left-right differences were 
observed with regard to the projection areas of sup-MF (p<0.01) 
and the hilar mossy fibers (p<0.05) in DBA, with regard to the 
hilus in HL (p<0.01)/ and for iip-MF in СРВ-K (p<0.05); see 
also Fig. 3.3. Unlike the within-strain correlations (r^) 
between the behavioral variables (Table 3.3), those between the 
mossy fiber variables were generally low; only a few 
significances appeared (data not shown). 
Well-pronounced strain differences were detected for most 
behavioral variables, often at p<0.001 (Fig. 3.2). C57BL/6 
animals, on the whole, scored highest for locomotion, rearing, 
and leaning. The strains diverged considerably for the majority 
of the morphometric variables (Fig. 3.3). They could be 
distinguished from each other, in particular, by the lengths 
and the projection areas of their iip-MF. For the lengths, BLN 
animals showed the shortest iip-MF of all strains, while these 
fibers were longest in C57BL/6 mice. C57BL/6 animals had the 
largest iip-MF terminal fields and DBA the smallest. 
3.3.2. 
Y-Chromosomal Effects 
The uneven distribution of coat-color phenotypes over Y-groups 
in the HL only allowed a one-way ANOVA, precluding an 
evaluation of possible effects mediated by the autosomal loci. 
With respect to the behavioral activities, the ANOVA revealed 
Y-linked influences only for grooming (F=8.27, <i/=3,18,· 
p<0.001). The hippocampal variables on which the Y-chromosome 
exerted its influence were the projection area of the left-side 
sup-MF (F=6.47, df=3,18; p<0.004) and the hilar area: both 
left- (F=8.53, df=3,18,· p<0.001) and right side (F=6.33, 
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df=3,18; p<0.004). Furthermore, an asymmetry in the sup-MF 
(area) was found to depend on the heterosome (F=3.22, ίίί"=3,18,· 
p<0.05). 
3.3.3. 
Quantitative-Genetic Analysis 
The heritabilities and correlations concerning the behavioral 
variables are presented in Tables 3.1 and 3.2-3.4, 
respectively, and for the hippocampal variables in Tables 3.5 
and 3.6-3.8, respectively. The calculated standard errors (SE; 
see Appendix I) are omitted from the Tables but levels of 
TABLE 3.1 
Heritabilities and applied transformations 
of the behavioral variables 
loc ora 
rear 
lean 
lobj 
sobj 
sniff 
groom 
transf. 
X1 
X* 
X* 
X1 
X» 
X* 
ln(X) 
ь2 
0.5β** 
0.54* 
0.65 
0.02 
0.03 
0.11 
о.о 
»è 
0.18 
Л С П * * 
0.59 
n.d. 
n.d. 
n.d. 
n.d. 
0.07 
The behavioral variables listed top-down 
are: locomotion, rearing, leaning, object-
leaning, and object-sniffing, sniffing, and 
grooming. h„, and hg: heritability in the 
narrow and the broad sense, resp.. n.d.: not 
determinable. The calculated SE's (see 
Appendix I) are omitted. Levels of 
significance: ρίΟ.05, piO.01, psO.001. 
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TABLE 3.2 
Additive-genetic correlations between the behavioral variables 
locom 
rear 
lean 
lobj 
sobj 
sniff 
groom 
locom 
1.00*** 
0.96*** 
0.49 
-1 
0.49 
-0.66** 
rear 
-
0.99*** 
0.73* 
-1 
0.60* 
-0.55 
lean 
-
-
0.65* 
-1 
0.74*** 
-0.36 
lobj 
-
-
-
-1 
0.81* 
0.27 
sobj 
-
-
-
-
-0.75* 
0.95*** 
sniff 
-
-
-
-
-
0.55 
groom 
-
-
-
-
-
-
The calculated SE's (see Appendix I) are omitted. For abbreviations and p-
levels, see table 3.1. 
TABLE 3.3 
Environmental correlations between the behavioral variables 
locom 
rear 
lean 
lobj 
sobj 
sniff 
groom 
locom 
0.46*** 
0.69*** 
0.28** 
0.22 
0.50*** 
-0.04 
rear 
-
0.51*** 
0.12 
0.11 
0.21 
-0.09 
lean 
-
-
0.30** 
0.31** 
0.59 
-0.16 
lobj 
-
-
-
0.39** 
0.04 
-0.13 
sobj 
-
-
-
-
0.35** 
0.08 
sniff 
-
-
-
-
-
0.01 
groom 
-
-
-
-
-
-
For abbreviations and p-levels, see Table 3.1. 
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TABLE 3.4 
Phenotypical correlations between the behavioral variables 
locom 
rear 
lean 
lobj 
sobj 
sniff 
groom 
locom 
0.55*** 
0.49* 
0.02 
-0.20 
-0.02 
0.21 
rear 
-
0.50* 
0.37 
0.13 
-0.27 
0.33 
lean 
-
-
0.32 
0.37 
-0.39 
0.25 
lobj 
-
-
-
0.74*** 
-0.52* 
-0.12 
sobj 
-
-
-
-
-0.51* 
-0.05 
sniff 
-
-
-
-
-
-0.18 
groom 
-
-
-
-
-
-
For abbreviations and p-levels, see Table 3.1. 
significance are indicated. Data transformations (see Appendix 
I) had to be applied for various behavioral (Table 3.1) and 
hippocampal (Table 3.5) variables. The large majority of the 
genetic correlations, rç, between the behavioral and the 
morphometric variables were either not determinable or took 
nonsignificant values. For these reasons, they are not 
presented. Additive-genetic correlations, rA, sometimes took 
values >|l|; these were set at l or -1. 
Locomotion, rearing, and leaning showed significant narrow 
heritabilities that were attended with very high positive 
additive-genetic correlations between them. Positive 
environmental and phenotypical correlations between these 
variables were also found. Additive-genetic correlations 
estimated for sniffing and grooming, on the one hand, with 
locomotion, rearing, and leaning, on the other, were positive 
for sniffing and negative for grooming. These two behaviors 
correlated with object-sniffing, but with opposite signs as 
compared to the correlations mentioned above (Table 3.2). 
A number of the narrow- and broad-sense heritabilities 
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TABLE 3.5 
Heritabllitles and applied transformations of the 
hippocampal variables 
A sup L 
A sup R 
A sup L-R 
A i i p L 
A i i p R 
A i i p L-R 
A CA4 L 
A CA4 R 
A CA4 L-R 
L sup L 
L sup R 
L sup L-R 
L ^ L 
L ^ R 
L ¿ # L - R 
t r a n s f . 
ln(X) 
ln (X) 
X1 
X1 
X1 
X1 
X1 
X1 
X1 
ln (X) 
ln (X) 
X1 
X1 
X1 
X1 
h? 
0 .26 
0 .40 
0 . 0 1 
0 . 4 7 * 
0 .27 
0 .06 
0 . 0 8 
0 .19 
0 . 0 4 
0 .02 
0 .03 
n . d . 
0 .82*** 
0 .80*** 
n . d . 
hè 
n . d . 
n . d . 
n . d . 
0 .35 
0 . 1 5 
n . d . 
n . d . 
n . d . 
n . d . 
n . d . 
n . d . 
n . d . 
0 . 8 4 
0.80*** 
0.60** 
h„, h£: heritability in the narrow and the broad 
sense, resp.; A, L (prefix): area and length, resp.; 
L, R (suffix): left- and right-side hippocampus, 
resp.; L-R: left- minus right-side; sup, iip: 
suprapyraroidal mossy fibers and intra- and 
infrapyramidal mossy fibers, resp.; CA4: hilar 
fibers; n.d.: not determinable. Level of 
significance: p<0.05, psO.01, psO.001. 
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TABLE 3.6 
Additive-genetic correlations between hippocampal and behavioral variables 
A sup L 
A sup R 
A sup L-R 
A i i p L 
A i i p R 
A i i p L-R 
A CA4 L 
A CA4 R 
A CA4 L-R 
L sup L 
L sup R 
L sup L-R 
L é # L 
ь е е Е * 
L $ L - R 
locom 
0.49 
0.50* 
- 0 . 8 3 * 
-0.24 
-0.22 
-0.26 
0.52 
0.27 
0.04 
-0.43 
0.64* 
n .d . 
1.00*** 
1 
n.d. 
rear 
0.55* 
0.56* 
-0.97*** 
-0.32 
-0.34 
-0.23 
0.55 
0.21 
0.19 
-0.31 
0.74** 
n.d. 
0.97*** 
0.97*** 
n.d. 
lean 
0.38 
0.40 
-0.79** 
-0.16 
-0.23 
0.02 
0.74*** 
0.39 
0.05 
-0.01 
0.97*** 
n .d . 
0.96*** 
0.95*** 
n.d. 
lobj 
1 
1 
- 1 
- 1 
- 1 
-0.40 
0.29 
-0 .78* 
1 
0.31 
0 .91*** 
n.d. 
0.29 
0.31 
n.d. 
sobj 
-0.64 
-0.63 
-0 .98*** 
0.30 
0.24 
0.41 
-0.58 
-0.39 
0.13 
0.88*** 
-0.73 
n .d . 
- 1 
- 1 
n.d. 
sni f f 
-0.11 
-0.04 
-0.34 
0.17 
-0.10 
0.79** 
1 
0.63 
0.04 
1 
1 
n . d . 
0.54** 
0 .51* 
n.d. 
groom 
-0.69* 
-0.61 
0.54 
0.43 
0.14 
1 
0.55 
0.27 
0.08 
1 
0.68 
n.d. 
- 0 . 6 1 * * * 
-0 .65*** 
n.d. 
For abbreviations and p-levels, see Tables 3.1 and 3.5. 
estimated for morphometric variables were either low and 
nonsignificant or could not be determined, with the exception, 
however, of the relative lengths of both the left- and the 
right-side iip-MF (Table 3.5). The latter hippocampal variables 
showed very high and positive additive-genetic correlations 
with locomotion, rearing, leaning, and sniffing and negative 
ones with grooming (Table 3.6). 
The three first-mentioned behaviors, and object-leaning, 
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TABLE 3.7 
Environmental correlations between híppocarapal and behavioral variables 
A sup L 
A sup R 
A sup L-R 
A lip L 
A lip R 
A iip L-R 
A CA4 L 
A CA4 R 
A CA4 L-R 
L sup L 
L sup R 
L sup L-R 
L ^ b 
L ^ R 
L ^ L - R 
locom 
0.16 
-0.02 
0.17 
0.09 
-0.15 
0.23* 
-0.33** 
0.02 
-0.25 
0.16 
0.03 
0.11 
-0.08 
-0.01 
-0.10 
rear 
-0.04 
-0.03 
0.00 
0.07 
-0.05 
0.12 
-0.09 
0.14 
-0.17 
0.19 
0.01 
0.15 
-0.14 
-0.02 
-0.11 
lean 
-0.10 
-0.06 
-0.00 
0.10 
-0.04 
0.12 
-0.13 
0.06 
-0.14 
0.09 
-0.13 
0.18 
0.05 
0.08 
-0.04 
lobj 
0.09 
0.03 
0.05 
-0.03 
0.09 
-0.12 
-0.10 
-0.00 
-0.07 
0.02 
-0.03 
0.03 
0.14 
0.11 
-0.00 
sobj 
-0.09 
-0.08 
0.00 
-0.00 
0.05 
-0.05 
-0.06 
0.06 
-0.09 
-0.21 
-0.02 
-0.14 
0.22 
0.08 
0.10 
sniff 
-0.17 
-0.00 
-0.11 
-0.03 
-0.03 
0.00 
-0.03 
-0.05 
0.02 
0.10 
0.08 
0.02 
0.05 
0.06 
0.12 
groom 
0.08 
0.19 
-0.06 
-0.05 
0.10 
-0.14 
-0.08 
0.05 
-0.09 
0.03 
-0.00 
0.01 
-0.08 
0.09 
-0.00 
For abréviations and p-levels, see Tables 3.1 and 3.5. 
correlated positively with the lengths of right-side sup-MF. As 
for the projection areas, right-side sup-MF showed positive 
гд'з with locomotion and rearing, as did the left side with 
rearing. A left-right asymmetry for this variable was found to 
correlate negatively with all exploratory activities (see Table 
3.6). Negative additive-genetic correlations were estimated 
between the iip-MF synaptic field and the major novelty-induced 
behaviors; however, these were only significant when this 
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TABLE 3.8 
Fhenotypical correlations between hippocampal and behavioral variables 
A sup L 
A sup R 
A sup L-R 
A lip L 
A lip R 
A iip L-R 
A CA4 L 
A CA4 R 
A CA4 L-R 
L sup L 
L sup R 
L sup L-R 
І-Щі. 
ьф* 
Lift L-R 
locom 
0.11 
-0.19 
0.27 
0.11 
-0.07 
0.29 
-0.27 
0.04 
-0.30 
-0.51* 
-0.25 
-0.20 
-0.28 
-0.24 
0.06 
rear 
0.15 
-0.08 
0.19 
0.34 
0.28 
0.11 
-0.14 
-0.07 
-0.07 
-0.13 
-0.31 
0.18 
0.17 
0.23 
-0.11 
lean 
-0.02 
-0.15 
0.12 
0.28 
0.14 
0.23 
-0.28 
-0.02 
-0.26 
-0.13 
-0.18 
0.04 
0.25 
0.01 
0.40 
lobj 
-0.08 
-0.00 
-0.06 
0.19 
0.06 
0.23 
0.08 
0.11 
-0.03 
-0.21 
-0.50* 
0.30 
0.13 
0.12 
0.01 
sobj 
-0.49* 
0.02 
-0.33 
0.29 
0.22 
0.13 
0.18 
-0.11 
0.29 
-0.13 
-0.28 
0.14 
0.22 
0.14 
0.12 
sniff 
0.27 
0.01 
0.16 
-0.31 
-0.32 
-0.01 
-0.33 
-0.15 
-0.18 
-0.19 
0.29 
-0.11 
-0.23 
-0.04 
-0.26 
groom 
0.20 
0.16 
-0.01 
0.44* 
0.45* 
0.01 
-0.58** 
-0.44* 
-0.14 
-0.00 
0.15 
-0.16 
0.39 
0.16 
0.34 
For abbreviations and p-levels, see Tables 3.1 and 3.5. 
morphometric var iable was expressed r e l a t i v e t o the h i l a r area 
(data not shown). 
The terminal f ie lds of l e f t - and r i g h t - s i d e sup-MF 
corre lated negatively with the terminal f ie lds of the i p s i - and 
the c o n t r a l a t e r a l ilp-MF, but only s i g n i f i c a n t l y so with the 
r ight-s ide ilp-MF (гд=-0.94 and rA=-0.98 , r e s p e c t i v e l y ) . 
Furthermore, negative Гд'з were found, although general ly not 
s i g n i f i c a n t , between ilp-MF lengths and these f i b e r s ' 
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TABLE 3.9 
Weighted factor analysis performed on the 
matrix of the additive-genetic correlations 
between behavioral acts and hippocampal mossy 
fiber variables 
Variable 
loc ora 
rear 
lean 
lobj 
sobj 
s n i f f 
groom 
A i i p L 
A i i p R 
I - t t & L 
L é é B R 
Factor I 
- 0 . 9 3 
1.01 
0 .99 
Factor II 
0 .98 
0 .95 
0 .97 
- 0 . 9 9 
0 .60 
- 0 . 5 2 
1.01 
1.01 
Only loadings with a value ì |0.30| are shown. 
For abbreviations, see Tables 3.1 and 3.5. 
projection areas, ipsi- as well as contralaterally (data not 
shown). The majority of the environmental and phenotypical 
correlations estimated for the hippocampal variables were low 
and only a few significances appeared (Tables 3.7 and 3.8, 
respectively). 
Additive-genetic correlations between the behavioral and 
iip-MF variables are summarized by the results of the factor 
analysis (Table 3.9). The set of variables could be partitioned 
in two factors. The major exploratory activities had high and 
positive loadings on Factor II as did the relative lengths of 
left- and right-side hippocampal iip-MF. The projection area of 
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the iip-MF showed a high and positive loading on Factor I. On 
this Factor, object-leaning had a high loading, but a negative 
one. 
3.4 
Discussion 
Mouse exploratory behavior shows considerable genetic 
variation. The behavioral activities locomotion, rearing, 
leaning, and sniffing are most probably functionally connected 
by a common genetic basis and, in this respect, can be clearly 
separated from grooming behavior. These findings confirm 
studies by Crusio & van Abeelen, 1986 and Crusio et al., 1989b. 
Animals, confronted with a novel situation, which predominantly 
execute behavioral activities that can supply them with 
information about that environment, are less apt to show 
behaviors of self-maintenance. 
Correlations between mouse hippocampal dynorphinergic mossy 
fibers and behavior apparently result primarily from genetic 
effects and are not due to an important extent to environmental 
influences. In general, the behavioral activities are clearly 
influenced by non-genetic factors. Such environmental 
influences are to be expected. Non-genetic factors that may 
affect behavioral activities are, for example, sounds or 
movements made by the observer during the recording sessions. 
Obviously, these cannot act on a neuroanatomical trait such as 
the hippocampal mossy fiber system. This pathway is susceptible 
to modification only during its development, which occurs 
mainly within the first few weeks after birth (Gaarskjaer, 
1986). Since the mice had been raised under standard 
conditions, they are probably not liable to such variations. 
Therefore, low environmental hippocampus-behavior correlations 
are what one expects. 
Some additive-genetic correlations, гд, and many genetic 
correlations, TQ, either appeared to exceed their permitted 
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range or were not determinable. The problem concerning TQ is 
clearly caused by HL, probably because of its buffering 
capacities. A discussion on these matters is given in Appendix 
I. 
The quantitative-genetic analysis supported the existence 
of many interesting functional relationships between 
hippocampal mossy fibers and exploratory behavior in mice. 
First it is noted that the left-right difference in 
dynorphinergic sup-MF (area) is, most likely, causally 
connected in an inverse manner to exploratory responses. It 
should be mentioned here that asymmetries in the volume of 
hippocampal regions have been observed in mice genetically 
selected for low exploratory rearing (Crusio et al., 1989a) and 
for strong lateralization of paw preference (Lipp et al., 
1984), as well as in feral yellow-necked wood mice (Slomianka & 
West, 1987). In house mice these asymmetries have been found to 
be dependent on the Y chromosome (van Abeelen et al., 1989). 
Effects of Y-linked variation on sup-MF asymmetry were found in 
the present study. 
A somewhat surprising finding was the negative additive-
genetic correlation observed between extensiveness of right-
side sup-MF and iip-MF areas. The meaning of such a 
relationship is at present unclear. However, one possibility is 
the idea of a genetically fixed number of dentate granule cells 
that distribute their axons over the two fields. This 
assumption finds support in observations showing that the total 
number of granule cells per hippocampal formation is 
genetically-determined (Wimer et al., 1978) and that variation 
in their numbers is largely attributable to additive-genetic 
influences (Wimer et al., 1982). There are also weak 
indications that the lengths of sup-MF and iip-MF are inversely 
proportional to the areas covered by these fibers, possibly as 
a result of pleiotropic gene action. The longer the mossy 
fibers are, the more CA3 pyramidal neurons they can synapse on. 
On the other hand, the projection area of these pathways can be 
seen as a reasonable index of the total number of fibers. 
Consequently, the above-mentioned relationship would suggest 
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that, in the hippocampal regio inferior, gene-controlled 
mechanisms direct the outgrowth of dynorphinergic mossy fibers 
such that the more CA3 pyramidal neurons are contacted, the 
less fibers are used. 
The present study clearly demonstrates that in the house 
mouse a set of genes must exist which pleiotropically controls 
the lengths of iip-MF and exploratory responses to novelty, 
such that long iip-MF go with high exploratory scores. No 
unequivocal functional relationship was indicated between the 
extensiveness of these fibers' synaptic fields and the major 
exploratory activities, because the negative-additive genetic 
correlations between these variables did not reach significance 
(see also the results of the factor analysis in Table 3.9). In 
contrast, Crusio et al. (1989c), using another type of 
quantitative-genetic approach, provided evidence that, in the 
mouse, the areas of Timm-stained iip-MF at the mid-
septotemporal level do covary negatively with exploratory 
scores, indicating pleiotropic gene action. Such a disparity 
might have been brought about by differences in the 
distributions of Timm-stained and dynorphin B-containing iip-MF 
(see Chapter 2) or, perhaps, by different laboratory 
conditions. There is also evidence that the extensiveness of 
iip-MF along the septotemporal axis is subject to considerable 
variation (Gaarskjaer, 1986). 
In conclusion, the present study provides strong evidence 
that, in the mouse, genetically-controlled variations in the 
hippocampal dynorphinergic mossy fibers underlie the variations 
in behavioral responses evoked by environmental novelty. In 
particular, long iip-MF appear to be causally related to high 
exploratory scores. 
- 57 -

Chapter 4*) 
A GENOTYPE-DEPEKDENT HIPPOCAMPAL DYNORPHINERGIC MECHANISM 
CONTROLS MOUSE EXPLORATION 
4.1. 
Introduction 
THE DISINHIBITORY ACTION of hippocampal opioid peptides on 
novelty-induced behavior in mice depends on the genotype. This 
appears from the opposite effects of intrahippocampal drug 
administration upon the exploration rates of mice from the 
inbred strains DBA/2 and C57BL/6 (Ch. 1, section 1.3.1.). 
Briefly, C57BL/6 animals seem to possess an optimally balanced 
hippocampal peptidergic mechanism, since treatment with either 
an opioid agonist or an antagonist reduces their normally high 
exploratory scores. In contrast, exploration in the otherwise 
low-scoring DBA/2 is augmented by opioid-inactivating agents. 
This is interpreted as implying an overshoot in the release of 
one or more hippocampal opioids, resulting in a less efficient 
disinhibition of novelty-induced behavioral responses. 
One of the opioid peptides present in the mouse hippocampus 
is dynorphin B, which is confined to the mossy fibers (Ch. 2). 
Strong evidence has been presented that the development of 
these fibers and exploratory behavior are subject to 
pleiotropic gene action (see Ch. 3). To ascertain the 
involvement of this neuropeptide in the genotype-dependent 
control of exploration, a highly specific anti-dynorphin В 
antiserum was injected into the dorsal hippocampus of DBA/2 and 
C57BL/6 mice, which were then tested in a novel environment. 
This attempt to partly inactivate released neuropeptide was 
expected to produce opposite effects on exploration rates in 
the two mouse strains. My purpose was to establish whether the 
postulated over-release of hippocampal dynorphin В In DBA/2 
mice can be corrected by this treatment so that a more 
' A large part of this Chapter has been published in Pharmacol. Biochem. 
Behav. 28, 465-468 (1987). 
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efficient disinhibition of exploratory responses to novelty 
becomes possible. 
4.2. 
Methods 
4.2.1. 
Behavioral Testing 
Laboratory conditions and behavioral recording methods were as 
described elsewhere (Ch. 3, section 3.2. ). Individual male 
mice, aged 13+1 wk, from the strains DBA/2JNmg and C57BL/6JNmg 
were placed for 20 minutes into a novel environment, that is, 
an observation cage (particulars of which can be found in Ch. 
3, section 3.2.2.2.). An ethogram of the behavioral acts 
recorded, except for one, is given in Ch. 3 (section 3.2.2.1.). 
Here, in addition, incipient rearing was included. Incipient 
rearing is defined as a behavior during which the animal shows 
the characteristic rearing movement but stays in contact with 
the floor with at least one of its forepaws. 
4.2.2. 
Antiserum 
Because of the location of dynorphin В in the mossy fibers, the 
injections with its antiserum should be placed into the CA3 
region. The antiserum was raised against synthetic dynorphin В 
(for details, see Ch. 2, section 2.2.1.) and radioimmunoassays 
showed it to be C-terminal-directed with no cross-reactivity to 
leucine- and methionine-enkephalin (cf. Ch. 5, Table 5.1.). 
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4.2.3. 
Injection Procedures 
Fifteen min prior to testing, the anti-dynorphin В antiserum 
was injected stereotaxically, under light ether anesthesia, 
into the left dorsal hippocampus (total injection volume 0.5 
μΐ). The 26S-gauge needle was introduced by piercing the skin, 
the skull, and the cerebral cortex. Using split litters, two 
dilutions of the antiserum were chosen for the experimental 
groups (n=20 for each): 1/452 and 1/226, having binding 
capacities of 4.5 and 9 pg of dynorphin B, respectively. Since 
our RIA determinations revealed that one hippocampus contains 
about 180 pg of dynorphin В (unpublished), it is estimated that 
these antiserum dilutions can inactivate 2.5 to 5% of the 
opioid. As control groups (n=20), animals injected with 
preimmune serum (1/226) were used. It seems most unlikely that 
under the experimental conditions the rabbit antiserum would 
differ from the preimmune serum with respect to hormones that 
could affect the behavior of the experimental mice. To check 
the correct placement of the injections, Evans blue (0.3%) was 
added to the fluids. After the behavioral observations the 
brains were fixed by transcardial perfusion with 4% 
paraformaldehyde and cryostat sections were examined. Only 
animals in which the dye was limited to the CA3 region of the 
hippocampus (61% of the cases) were included in the experiment. 
Behavioral influences of the injection procedure per se have 
been reported upon earlier; these do not to any marked extent 
detract from the strain differences (van Abeelen & Boersma, 
1984) . 
4.3 
Results 
Table 4.1 shows that both doses of the antiserum enhanced 
rearing significantly in strain DBA/2, whereas strain C57BL/6 
responded with significant reductions. The strain difference 
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originally present between the normal serum controls was 
reversed after treatment (see also Fig. 4.1). As for incipient 
rearing, such opposite treatment effects eliminated the 
original strain difference. The antiserum did not reduce 
leaning in C57BL/6 but it did increase this behavior in DBA/2, 
Reoring Scores over 20 min 
Control Dose 1 Dose 2 
Fig. 4.1: Effects of intrahippocampal microinjections 
with anti-dynorphin В antiserum, given in 
doses that can inactivate 4.5 and 9 pg of the 
opioid, respectively, upon the frequencies of 
exploratory rearing in mice from the inbred 
strains C57BL/6 (hatched columns) and DBA/2 
(open columns) observed over 20 min in a novel 
environment. Columns represent means, bars 
represent S.E.M. Treatment groups (n-20) 
differing significantly from the preimmune 
serum controls (n-20) are marked by asterisks: 
*p<0.01¡ **p<0.001. The original strain 
difference between the controls (p<0.001) was 
significantly reversed after treatment with 
the antibody (p<0.01 and 0.05, respectively). 
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TABLE 4.1 
Exploratory acts observed in DBA/2 and C57BL/6 mice Injected 
intrahippocaropally with control serum and with two dilutions of 
anti-dynorphin В antiserum: data obtained after we 11-aimed 
injections. 
Locomotion 
C57BL/6 
DBA/2 
p(strain) 
Rearing 
C57BL/6 
DBA/2 
p(strain) 
Contro 
467.7 ± 
394.0 ± 
* 
51.3 ± 
23.5 ± 
*** 
Incipient Rearing 
C57BL/6 140.8 t 
DBA/2 68.9 ± 
p(straln) 
Leaning 
C57BL/6 
DBA/2 
p(strain) 
Object-Leaning 
C57BL/6 
DBA/2 
p(straln) 
Object-Sniffing 
C57BL/6 
DBA/2 
p(strain) 
Sniffing 
C57BL/6 
DBA/2 
p(strain) 
*** 
62.7 ± 
51.5 ± 
* 
5.0 ± 
3.7 t 
24.1 ± 
16.8 1 
*** 
160.2 ± 
203.7 ± 
*** 
1 
21.4 
27.7 
5.1 
3.1 
7.7 
3.8 
3.7 
3.6 
1.2 
0.8 
1.8 
1.2 
9.7 
6.3 
1/452 
475.5 
406.9 
29.2 
43.1 
96.0 
103.7 
64.0 
70.9 
6.3 
4.4 
24.1 
19.2 
163.0 
226.2 
** 
*** 
27.1 
38.3 
4.7*** 
5.1*** 
8.9*** 
7.5*** 
3.1 
6.8* 
2.5 
0.7 
1.6 
1.8 
10.2 
12.6 
1/226 
481.5 
435.4 
31.0 
44.9 
96.0 
89.2 
64.6 
60.6 
7.9 
2.4 
21.1 
15.2 
144.0 
218.8 
t 
± 
± 
± 
* 
± 
t 
t 
1 
± 
± 
± 
1 
** 
t 
t 
*** 
26.7 
37.5 
4.1** 
4.8*** 
7.9*** 
5.2** 
4.0 
4.3* 
1.8 
0.6 
1.4 
1.1 
7.7 
11.4 
Values are the mean 1 S.E.M.; n-20 for each group. Probabilities 
as determined by Mann-Whitney V-tests; *p<0.05, **p<0.01, 
***p<0.001. 
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TABLE 4.2 
Exploratory acts observed in DBA/2 and C57BL/6 mice injected with 
control serum and with two dilutions of anti-dynorphin В 
antiserum: data obtained after (partly) misdirected injections. 
Locomotion 
C57BL/6 
DBA/2 
p( strain) 
Rearing 
C57BL/6 
DBA/2 
p(strain) 
Contro 
453.2 ± 
384.1 ± 
36.3 ± 
32.5 ± 
Incipient rearing 
C57BL/6 
DBA/2 
p(etrain) 
Leaning 
C57BL/6 
DBA/2 
p(strain) 
Object-Leaning 
C57BL/6 
DBA/2 
p(strain) 
Object-Sniffing 
C57BL/6 
DBA/2 
p(strain) 
Sniffing 
C57BL/6 
DBA/2 
p(strain) 
112.1 ± 
76.9 ± 
*** 
65.9 ± 
62.0 ± 
9.1 ± 
6.2 ± 
22.7 ± 
19.0 ± 
153.7 ± 
187.2 ± 
** 
1 
30.4 
18.6 
6.0 
4.0 
4.6 
5.2 
7.6 
6.7 
2.7 
1.3 
2.2 
2.3 
9.2 
8.8 
1/452 
457.1 
394.0 
43.1 
45.9 
101.9 
93.2 
66.4 
59.9 
13.0 
4.3 
20.7 
17.1 
163.7 
238.2 
1 
45.4 
40.2 
8.6 
7.3 
12.7 
5.9 
7.4 
7.2 
4.4 
1.4 
3.7 
1.8 
9.3 
9.5*** 
*** 
1/226 
515.9 
411.9 
40.4 
40.5 
104.2 
83.3 
78.5 
57.9 
13.5 
5.1 
23.6 
18.9 
161.9 
215.6 
± 33.2 
± 58.9 
* 
± 5.9 
± 6.6 
± 7.2 
± 10.8 
± 6.5 
± 8.4 
* 
± 2.5 
1 1.8 
** 
± 1.4 
i 2.4 
± 9.0 
1 13.0 
** 
Values are the mean t S.E.M.; n-9-17. Probabilities as determined 
by Mann-Whitney V-tests¡ *p<0.05, **p<0.01, ***p<0.001. 
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leading to the disappearance of the strain difference (Table 
4.1). With regard to locomotor activity and sniffing, the 
treatment effects in the two strains also tended to go in 
opposite directions, but not significantly, and for 
object-sniffing and object-leaning there was no such tendency. 
4.4. 
Discussion 
Evidently, genetic influences are important in hippocampally 
mediated behavioral responses to novelty and I have capitalized 
on this. Partial inactivation of hippocampal dynorphin B, 
released in mice exposed to a novel environment, caused the 
reversal or elimination of the differences between the two 
inbred strains, particularly as far as the vertically-oriented 
exploratory acts are concerned. The significance of this 
finding is strengthened by the fact that these opposite effects 
were not observed at all in the groups (n=9-17) discarded 
because of partly or entirely misdirected microinjections (see 
Table 4.2.), i.e. the treatment effects are specific to CA3. 
Hence, the hypothesis of a genotype-dependent disinhibitory 
function of hippocampal dynorphin В in the regulation of mouse 
exploration, as outlined above, is strongly supported. In 
strain C57BL/6, the presumptively optimal dynorphinergic action 
seems to be adversely affected by antiserum administration. For 
strain DBA/2, in contrast, an over-release of the opioid 
peptide apparently can be neutralized in part by treatment with 
diluted antiserum, leading to higher exploration rates. 
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Chapter 5 
A GENETIC-CORRELATIONAL STUDY OF HIPPOCAMPAL NEUROCHEMICAL 
VARIATION AND VARIATION IN EXPLORATORY ACTIVITIES OF MICE 
5.1. 
Introduction 
IN CHAPTER 3, I arrived at the conclusion that in mice the 
physiological pathway leading from the genotype to exploratory 
behavior passes through the hippocampal dynorphinergic mossy 
fibers. In addition, indirect evidence was obtained that 
hippocampal dynorphin В itself participates in the control of 
novelty-induced responses of mice and that its action depends 
on genetic factors (see Ch. 4; van Daal et al., 1987). Another 
prominent hippocampal opioid, namely methionine-enkephalin, is 
also likely to influence mouse exploration in a gene-controlled 
manner (van Abeelen 6 Gerads, 1986). The next logical step is 
to investigate whether the postulated functional relationships 
between behavior and these opioids can be supported by 
estimating heritabilities and genetic correlations. For this 
purpose, the quantitative-genetic method applied in Chapter 3 
was chosen. Animals from the four inbred strains and the 
heterogeneous population (HL) were allowed to explore an 
observation cage for 20 min, after which their hippocampal 
contents of dynorphin В and methionine-enkephalin were 
monitored by radioimmunoassay. In addition, by comparing the 
hippocampal peptide levels in these mice with those of animals 
that had not experienced environmental novelty, it became 
possible to directly investigate the novelty-induced release of 
hippocampal opioids, as postulated in Ch. 4. To further examine 
the hereditary basis of these neuropeptides, the selection 
lines SRH and SRL were employed. Since these lines have been 
selected for rearing behavior, it is likely that the 
hippocampus has undergone biochemical changes as well. 
Therefore, a search for correlated responses to selection was 
undertaken. 
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5.2. 
Methods 
5.2.1. 
Mouse Strains Used 
Procedural details on animal breeding and maintenance have been 
presented earlier (Ch. 3, section 3.2.1.). Male mice, aged 14 ± 
1 wk, from the inbred strains C57BL/6JKunNmg, DBA/2JNmg, 
BLN/Nmg, CPB-K/Nmg, and the 18th generation of HL were 
employed. Particulars about these strains can be found in 
Chapter 1 (sections 1.3.1.1 & 1.3.1.2). The breeding history of 
the selection lines SRH and SRL has been described (Ch. 1, 
section 1.3.2.3. ). Male mice, aged 14 ± 1 wk, of the 57th 
generation of selection, were used. 
5.2.2. 
Observation Procedure 
Behavioral recordings took place between 9.30 h and 15.00 h 
(MET) in a sound-proof observation room at an ambient 
temperature of 19 ± г'С and a relative humidity of 70-80%. 
About 45 min before the recording session, the animals, in 
their home cages, were placed in this room in order to 
acclimatize them to the new surroundings. The experimental and 
the control groups of the inbred strains each consisted of 20 
mice while both HL groups comprised 32 animals. The 
corresponding SRH and SRL groups included 21 and 20 animals, 
respectively. The sampling of mice was randomized over litters, 
strains, experimental, and control groups. Individual mice were 
allowed to explore the observation cage for 20 min. The 
observation period was prolonged with the time the animals 
spent grooming or freezing, in order to correct for missed 
opportunities to carry out exploratory acts. The behavioral 
recording method has been outlined in Chapter 3 (section 
3.2.2.) in which an ethogram of mouse exploratory behavior can 
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also be found. 
5.2.3. 
Tissue Preparation for Radioimmunoassay 
The mice of the control group were rapidly killed by cervical 
dislocation. The experimental animals were sacrificed within 1 
min after the recording session, immediately after the brain 
had been removed from the skull, it was submerged in icecold 
saline. Dissection was carried out on an icecold glass plate 
with the aid of a dissecting microscope. An incision, made in 
the dorsal part of the left hemisphere at the mid-rostrocaudal 
level, was elongated to the ventral side, thereby splitting the 
cortex. The left-side hippocampus could be freed by carefully 
peeling away the overlying cortex, severing the fornix and, by 
sliding the knife under it, cutting away the entorhinal cortex. 
Cortical tissue still attached to the hippocampus was removed, 
after which the right-side hippocampus was isolated. Each 
hippocampus was transferred to polypropylene cups (Eppendorf) 
which contained 100 μΐ of ice-cold 0.1N HCl, frozen on dry ice, 
and subsequently stored at -20*C. The cups, with their covers 
pierced, were placed in a boiling water bath for exactly 10 min 
and, immediately thereafter, cooled by an ice-water mixture. 
After addition of 150 μΐ of (icecold) 0.1N HCl, the tissue was 
homogenized by sonication (Vibraceli TM, power: 20 W; output 
level: 40) for exactly 10 sec. Ten μΐ of suspension were 
removed and dissolved in 100 μΐ of IN NaOH for analysis by the 
Biorad protein assay method with BSA as reference. In the 
remaining suspension, the undissolved tissue parts were removed 
by centrifugation at 10,000 χ g and 4'С for 15 min. Fifty μΐ 
portions of the supernatant were taken for the assay of 
methionine-enkephalin and the remainder was set aside for the 
dynorphin assay. Since the anti-methionine-enkephalin antiserum 
showed the highest affinity towards the oxidized form of the 
pentapeptide (see section 5.2.4.4.), this portion was treated 
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with an equal volume of undiluted, i.e. ca. 35%, H2O2 on ice, 
for 45 min. The hydrogen peroxide was removed by freeze-drying, 
after which the remainder was dissolved in 150 μΐ of НСІ/СН3ОН. 
5.2.4. 
Radioimmunoassay of Dynorphin В and Methionine-enkephalin 
5.2.4.1. 
Radio-labeling 
Dynorphin В (Bachern, Switzerland) and methionine-enkephalin 
(Bachern, Switzerland) were labeled with the radioisotope 
125Iodine by following a standard procedure (Salacinski et al., 
1981). Briefly, 5 yl of 500 mM sodium phosphate buffer (pH 
7.4), 2.5 pg of peptide dissolved in 5 wl of 50 mM Na-phosphate 
buffer (pH 7.4), and 5 μΐ of 0.5 mCi Na 1 2 5I (Amersham) were 
mixed in a polypropylene cup (Eppendorf) that was coated with 2 
yg of iodogen (Pierce Ь Warriner, U.K.). The iodination 
reaction proceeded at room temperature for 10 min and 
terminated by addition of 500 μΐ of 50 mM Na-phosphate buffer, 
after which the mixture was allowed to stand for 15 min. The 
labeled peptides were isolated on a disposable octadecyl (C^g) 
column (J.T. Baker, Chem. Co. U.S.A.; Lot A46502) with, as an 
eluent, N-propanol in a buffer composed of 1.89% (v/v) formic 
acid (Merck) and 1.10% (v/v) pyridine (Merck), pH 3.0. The 
propanol content of the buffer was increased step-wise by 2%, 
and 900 μΐ portions were flushed over the column. Radio-labeled 
methionine-enkephalin and dynorphin В eluted at 6-8% and 16-18% 
N-propanol, respectively. The 900 μΐ column fraction containing 
the highest activity was employed after addition of 100 μΐ of 
50 mM Na-phosphate buffer containing 10 mg of polypep (Sigma, 
P-5115), 5 μΐ of ß-mercaptoethanol, and 400 μΐ of methanol. The 
solution was stored at -20"C; the radiolabeled peptide remained 
stable for about 20 days, but was found to give the best 
results if used within the first week of labeling. 
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5.2.4.2. 
The Technique 
The radioimmunoassays (RIA) introduced here are an adaptation 
from an original procedure described by vaudry (1978), in order 
to meet the requirements of both opioid peptides. Production 
and handling of the antisera are described in Chapter 2, 
section 2.2.1. Binding of antigen and antibody took place at 
about 8*C in 60 mM barbital sodium buffer (BDH), pH 8.6, which 
contained 0.2 g/1 of sodium azide to prevent microbial growth. 
For methionine-enkephalin assay, 50 μΐ of tissue extract, 
prepared as described (section 5.2.3.), was mixed with 450 μΐ 
of buffer which contained 0.3 g/100 ml BSA (Sigma, A-4503), 
1·104 cpm of 12SI-methionine-enkephalin, and the anti-
methionine-enkephalin antiserum at a dilution of 1 : 30,000; 
the above substances were added in the stated sequence. After 
48 h the reaction was terminated by addition of 1 ml of a 
freshly prepared mixture composed of equal volumes of a 30 % 
(w/v) polyethylene glycol (BDH) solution and a 4.8 % (w/v) egg 
albumin (Sigma) solution. After centrifugation at 2500 χ g for 
30 min, the pellets were monitored for the antibody-bound 
radio-labelled peptide using an automatic γ counter 
(Clinigamma, 1272, LKB). 
The RIA for dynorphin В differed from the one described 
with respect to the following points. The barbital buffer 
contained 0.5 ml/100 ml Triton X-100 (Serva, 37240) and the 
anti-dynorphin В antiserum was used at a dilution of 
1 : 60,000. Antigen-antibody complexes were bound by 100 μΐ of 
Sac-eel (R D70, Welcome, The Netherlands), diluted 1 : 4 with 
buffer (containing BSA and Triton), at room temperature for 30 
min. After addition of l ml of deionized water, the beads were 
collected by centrifugation at 700 χ g for 5 min. 
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5.2.4.3. 
Specificity and Sensitivity 
The affinity of the anti-dynorphin В antiserum was tested 
against the synthetic tndecapeptide which was used in 
concentrations from 4 pg/tube (175 nM) up to 250 pg/tube (11 
μΜ). The antiserum directed against methionine-enkephalin was 
tested with pentapeptide concentrations ranging from 8 pg/tube 
(3Θ nM) to 1000 pg/tube (5 μΜ). Methionine-enkephalin sulfoxide 
was also included in these tests because the methionine residue 
is known to be susceptible to oxidation. This derivative was 
prepared by treating the peptide, dissolved in HCI/CH3OH, with 
8% H2O2 at 4*C for 45 min. The solution was subsequently 
lyophilized to remove the hydrogen peroxide. To ascertain 
crossreactivity, both antisera were tested against the opioid 
peptides leucine-enkephalin (Bachern), dynorphin A(1-7) (Sigma, 
D-4524), dynorphin A(l-13) (Sigma, D-7017), and beta-endorphin 
(Sigma, E-0637) in concentrations from 102 - 105 pg/tube. All 
peptides were prepared in НСІ/СН3ОН and 50 μΐ of these 
solutions were mixed with 450 μΐ of RIA buffer. The accuracy 
and specificity of the antisera in detecting their hippocampal 
antigens were determined by a dilution range of the tissue 
extract and by analyzing the homogenate on HPLC. 
5.2.4.4. 
Evaluation of the Radioimmunoassay 
In developing an assay for mouse hippocampal dynorphin B, 
considerable problems were met. Dynorphin В is notorious for 
its tendency to disappear from solutions by binding to tube 
walls (Ghazarossian et al., 1980). In order to be assured of a 
reliable assay, precautions had to be taken in retrieving the 
peptide from the tissue and in monitoring it. Here, a brief 
overview is given of the quest that finally resulted in a 
successful assay of this peptide. 
It has been reported (Ghazarossian et al., 1980) that 
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undesired binding of dynorphin В can be completely prevented by 
acidified methanol; i.e. a solution made up of equal volumes of 
0.1 N HCl and methanol, here referred to as НСІ/СН3ОН. However, 
tissue extracts prepared in НСІ/СН3ОН gave, for this peptide, 
predominantly low or non-detectable peptide yields. 
Suprisingly, synthetic dynorphin В (derived from porcine 
tissue), when added to the homogenate, could be recovered with 
an efficiency of about 70%. Moreover, a single solution of the 
synthetic tridecapeptide in HCI/CH3OH, stored at -20*C, was 
used for over 6 months without any noticeable loss of the 
peptide's immunoreactlve capacity. By following the directions 
of Höllt et al., 1980, it was found that 0.1N HCl fulfilled the 
conditions set for a reliable isolation medium, but only if 
tissue extraction and RIA procedure included the following 
steps. First, the time elapsing between the death of the animal 
and the moment the hippocampus is frozen on dry ice should be 
kept as short as possible, preferably less than 3 min. Also, 
tissue storage at -20'C should not exceed 4 weeks. Heat 
inactivation of proteolytic enzymes should be performed on the 
intact hippocampus rather than on a tissue suspension. Finally, 
lyophilization of the homogenate, necessary in the original 
procedure to remove hydrogen peroxide, was omitted because it 
resulted in a considerable loss of dynorphin B. As for the RIA, 
special care had also to be taken in order to reliably quantify 
dynorphin B. The RIA system described for methionine-enkephalin 
failed for dynorphin В because only low amounts of tissue 
peptide could be monitored. A gain in recovery was obtained by 
increasing the BSA content of the buffer threefold, up to 0.9%. 
This indicates that adsorption was likely responsible for the 
RIA's earlier inadequacy. The anionic detergent Triton X-100, 
when added to the original buffer, proved to be highly 
effective in minimizing non-specific binding of the 
tridecapeptide. Finally, precipitation of antibody-antigen 
complexes with a second antibody, directed against rabbit IgG 
and bound to cellulose beads (Sac-cell), proved to be superior 
in achieving an optimal recovery of dynorphin В over 
precipitation with PEG/albumin. 
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Displacement curves of the anti-dynorphin В and the anti-
methionine-enkephalin antisera for their synthetic antigens 
(filled dots) and a hippocampal tissue extract (open dots). The 
percentage of I-antigen bound to antibody is plotted against 
the peptide concentration (pg/tube) or the tissue capacity for 
displacing the iodinated antigen, expressed as hippocampal 
equivalents per tube. 
The difficulty in handling this peptide cannot solely be 
accounted for by adsorption, since the synthetic analog 
apparently did not suffer from this phenomenon. Hence, the 
origin of this peptide's elusive nature remains obscure. 
The displacement curves of the tissue parallel those of the 
reference peptides, suggesting that only the hippocampal 
equivalents of these opioids were detected (see Fig. 5.1). This 
indication was reinforced by HPLC analysis (Fig. 5.2); only the 
tissue product coeluting with its synthetic counterpart was 
recognized by the antiserum. Fig. 5.1 shows that the levels of 
both hippocampal opioids fall within the detection range of the 
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Fig. 5.2: HPLC profiles constituted by an anti-dynorphin В antiserum (a+c) 
and an anti-methionine-enkephalin antiserum (b+d) of the synthetic 
antigen and of hippocampal tissue extract. HPLC separation of 
peptides was carried out using a Spherisorb 10 0DS column 
(Chrompack 250x4.6 mm i.d.) with a flow rate of 2 ml/min. The 
eluent is described in section 5.2.4.1; 30 sec fractions were 
collected. 
RIA. The quantity of tissue extract necessary to displace 50* 
label was equivalent to ca. 0.5 and ca. 0.1 of hippocampus per 
incubation for the dynorphin в and methionine-enkephalin assay, 
respectively. The affinity of the anti-methionine-enkephalin 
antiserum for the oxidized pentapeptide is, unfortunately, 
about ten times as high as it is for the native form (Table 
5.1). This finding made it necessary to treat the tissue 
extract with hydrogen peroxide, to be assured of a reliable and 
sensitive assay. As for specificity, the anti-dynorphin В 
antiserum recognized only its homotypic antigen, whereas the 
anti-methionine-enkephalin antiserum crossreacted with 
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TABLE 5.1 
C r o s s r e a c t i v i t y (X) of an ant i-dynorphin В and an a n t i -
meth ion ine-enkepha l in antiserum under two d i f f e r e n t experimental 
c o n d i t i o n s . 
Antigen: 
Dynorphin В 
Dynorphin A (1-7) 
Dynorphin A (1-13) 
Methionine-enkephalin 
sulfoxide 
Methionine-enkephalin 
Leucine-enkephalin 
RADIOIMMUNO­
ASSAY 
IMMUNOHISTO-
CHEMISTRY 
antiserum directed against: 
DYN ENK DYN ENK 
titer: 
1:60.000 
100 
< 0.1 
< 0.1 
< 0.1 
< 0.1 
< 0.1 
1:30.000 
< 0.1 
< 0.1 
< 0.1 
100 
± 10 
2-4 
1:5.000 
100 
< 1 
< 1 
-
< 0.1 
< 0.1 
1:5.000 
< 0.1 
< 0.1 
< 0.1 
-
100 
2-4 
The a n t i g e n that showed the h i g h e s t a f f i n i t y towards the 
ant iserum was g i v e n the va lue 100 and the r e a c t i v i t i e s of the 
o t h e r s were expressed as percentages of t h i s va lue . The 
c r o s s r e a c t i v i t i e s under immunohistochemical c o n d i t i o n s were 
determined by the paper s t r i p method ( s e e Ch. 2, s e c t i o n 2 . 2 . 1 . 
for d e t a i l s ) . The ant i-dynorphln B-antiserum for radioimmunoassay 
and t h a t for immunohistochemistry were der i ved from d i f f e r e n t 
r a b b i t s . DYN: dynorphin B, ENK: meth ion ine-enkepha l in , - : not 
determined. 
enkephalin 2-4% (Table 5.1) . Final ly , HCI/CH3OH or O.IN HCl, 
when mixed with the RIA buffer, did not noticeably Inter fere 
with the antibody-antigen binding. 
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Statistical Evaluation 
Nonparametric statistical procedures were applied to evaluate 
litter effects (Kruskal-Wallis one-way analysis of variance), 
hippocampal left-right differences (Wilcoxon matched-pairs 
signed-ranks test, two-tailed), strain differences (Mann-
Whitney (/-test), and effects of novelty within strains (Mann-
Whitney C/-test). For strain-dependent influences of novelty, a 
two-way analysis of variance, ANOVA, was used. Y-chromosomal 
effects were evaluated by means of an appropriate unbalanced 
two-way ANOVA. Heritabilities and (genetic) correlations were 
calculated by using the quantitative-genetic methods described 
in Appendix I. A principal component analysis was performed on 
the additive-genetic correlations (Гд). Only those components 
that showed eigenvalues äl were retained and an orthoblique 
Harris-Kaiser rotation (SAS User's Guide, 1985) was applied 
(weighted principal factor analysis). 
5.3. 
Results 
5.3.1. 
Effects of Exposure to Novelty 
Neither the behavioral nor the neurochemical variables showed 
litter effects. The left hippocampal dynorphin В content of 
mice that had explored the observation cage was lowered 
significantly in strains DBA/2 (p<0.02) and СРВ-K (p<0.04) and 
showed a nonsignificant tendency for reductions in mice from 
the other strains (Mann-Whitney (/-tests; see Fig. 5.3). Novelty 
did not induce an unequivocal shift in the contralateral level 
of this peptide. An asymmetry which was observed for left- and 
right-side dynorphin В in naive C57BL/6 animals (p<0.01), 
disappeared after exploration. In contrast, novelty induced an 
asymmetry for this peptide in СРВ-K mice (p<0.01) and in the 
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Fig. 5.3: Hippocampal dynorphin В levels (± SE) of mice from the inbred 
strains and HL that had explored (hatched bars) and of their naive 
counterparts (open bars). L, R: left and right hippocampus, 
respectively. Significance levels indicate novelty-induced effects 
(within bars) and left-right differences (above bars); p<0.05, 
psO.01. 
same direction for DBA/2, BLN, and HL animals, although not 
significantly so. In the ANOVA, an effect of novelty emerged 
with regard to left-right difference (.F=5.11, df=l,2l4,· p<0.03,· 
model nonsignificant) and with regard to left-right difference 
relative to total content (F=7.37, df«l,214; p<0.01; model 
significant). 
No significant novelty-induced effects were found for 
hippocampal methionine-enkephalin. However, the pentapeptide 
levels showed a rising tendency in C57BL/6 and DBA/2 mice that 
nearly passed the significance level in the left hippocampus of 
animals from the latter strain (p<0.07; Fig. 5.4). A left-right 
difference was found for the pentapeptide in animals from the 
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Fig. 5.4: Hippocampal methionine-enkephalin levels (± SE) of mice from the 
inbred strains and HL that had explored (hatched bars) and of 
their naive counterparts (open bars). For abbreviations and p-
levels, see Fig. 5.3. 
strains C57BL/6 and DBA/2, and in the latter this difference 
disappeared after exploration (Fig 5.4). 
5.3.2. 
Strain-dependent Influences of Novelty 
Distinct differences were observed for various exploratory acts 
between the strains (Fig. 5.5). C57BL/6 mice, generally, were 
more active. The ANOVA revealed strain-dependent influences for 
left- and right-side hippocampal content of both peptides. 
Novelty induced a strain difference for left hippocampal 
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Fig. 5.5: Strain differences for the behavioral acts (p<0.05). 
The arrows indicate the direction of differences: the 
strains grouped top-down were compared to those set 
horizontally (for example, C57BL/6 animals displayed 
the highest rearing and leaning frequencies among the 
inbred strains). 
dynorphin В between C57BL/6 and DBA/2 (p<0.02) and between the 
former and СРВ-K (p<0.02) (Fig. 5.6). For right-side 
dynorphin B, a novelty-induced strain difference was found 
between DBA/2 and СРВ-K (p<0.05) (Fig. 5.6). Strain differences 
also disappeared after exploration. This was observed for 
right-side dynorphin В between C57BL/6 and BLN as well as 
between BLN and СРВ-K (Fig. 5.6). Methionine-enkephalin varied 
more over strains than did the tridecapeptide. HL exhibited the 
lowest pentapeptide levels, while those of DBA/2 were the most 
elevated. Exposure to novelty produced a left-side difference 
for methionine-enkephalin between C57BL/6 and BLN (p<0.03) and 
between the former and СРВ-K (p<0.02) (Fig. 5.6). 
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Fig. 5.6: Strain differences for left- and right-side hippocampal 
levels of dynorphin В and methionine-enkephalin. NAIV, 
EXPLO: control and experimental group, respectively. 
Differences in hippocampal peptide levels (p<0.05) are 
indicated by arrows, similarly as has been done in Fig. 
5.4. The hippocampal levels of both peptides can be 
found in Appendix II, Table D. 
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5.3.3. 
Y-chromosomal Effects 
In the HL, a very uneven distribution of coat-color phenotypes 
over Y groups was present. This limited the analysis to a two-
way ANOVA, excluding tests for possible influences related to 
these loci. 
Of the behavioral acts, only sniffing was subject to Y-
linked influences (Р=4.4б, df=3,28; p<0.01). As for the 
neuropeptides, the Y chromosome exerted clear effects on both 
left- and right-side hippocampal methionine-enkephalin (F=5.21, 
d.f=3,59,· p<0.00 3 and .F=5.08, df=3,59; p<0.00 3, resp.). With 
respect to dynorphin B, the right-side content was found to be 
Y-dependent (^=3.02, <i.f=3,59,· p<0.04), as was a left-right 
asymmetry for this peptide (^=3.02, df=3,59; p<0.04). 
Furthermore, the Y chromosome appeared to affect the tissue 
protein content of both the left (.F=4.84, df=3,59; p<0.005) and 
the right (ί,= 3.33, dí=3,59; p<0.03) side. For neither 
hippocampal variable the ANOVA revealed novelty effects that 
could be associated with the heterosome. 
5.3.4. 
Quantitative-Genetic Analysis 
The heritabilities can be found in the Tables 5.2 and 5.6 and 
correlations are presented in Tables 5.3-5.5 and 5.7-5.9. The 
calculated SE's (see Appendix I) are omitted from the Tables 
but levels of significance are indicated. Data transformations 
(see Appendix I) had to be applied for various behavioral 
(Table 5.2) and hippocampal (Table 5.6) variables. Several 
heritabilities and genetic correlations were found to be either 
not determinable or had taken values outside their permitted 
range. A large majority of the genetic correlations, rç, 
suffered from this and are, therefore, not presented. The 
nature of these problems is addressed in Appendix I. Additive-
genetic correlations, rA, that exceeded |l| occurred and for 
presentation these were set at 1 or -1. 
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TABLE 5.2 
Heritabilities and applied transformations of 
the behavioral variables 
loc ora 
rear 
lean 
lobj 
sobj 
sniff 
groom 
transf. 
X1 
X« 
X* 
X1 
X« 
X« 
ln(X) 
hs 
0.63*** 
0.54* 
0.53* 
0.01 
0.20 
0.15 
0.24 
hi 
n.d. 
n.d. 
n.d. 
0.12 
n.d. 
0.09 
0.47* 
The behavioral variables listed top down are: 
locomotion, rearing, leaning, object-leaning, 
and -sniffing, sniffing, and grooming. h„, 
and hg: heritability in the narrow and broad 
sense, resp.. n.d.: not determinable. The 
calculated SE's (see Appendix I) are omitted. 
Levels of significance: psO.05, piO.01, 
***ps0.001. 
TABLE 5.3 
Additive-genetic correlations between the behavioral variables 
locom 
rear 
lean 
lobj 
sobj 
sniff 
g room 
locom 
0.99*** 
0.92*** 
1 
-0.24 
0.36 
-0.08 
rear 
-
0.99*** 
1 
-0.43 
0.56* 
0.09 
lean 
-
-
0.90 
-0.60* 
0.72*** 
0.28 
lobj 
-
-
-
0.88*** 
-0.65 
-1 
sobj 
-
-
-
-
-1 
-1 
sniff 
-
-
-
-
-
+0.95 
groom 
-
-
-
-
-
-
The calculated SE's (see Appendix I) are omitted. For abbreviations and p-
levels see table 5.2. 
- 83 -
TABLE 5.4 
Environmental correlations between the behavioral variables 
locom 
rear 
lean 
lobj 
sobj 
sniff 
groom 
locom 
0.43*** 
0.60*** 
0.43*** 
-0.15 
0.43 
-0.26 
rear 
-
0.54*** 
0.47*** 
0.15 
0.25 
-0.11 
lean 
-
-
0.55*** 
0.07 
0.47 
-0.09 
lobj 
-
-
-
-0.09 
0.14 
-0.08 
sobj 
-
-
-
-
-0.00 
0.16 
sniff 
-
-
-
-
-
-0.11 
groom 
-
-
-
-
-
-
For abbreviations and p-levels see Table 5.2. 
TABLE 5.5 
Phenotypical correlations between the behavioral variables 
locom 
rear 
lean 
lobj 
sobj 
sniff 
groom 
locom 
0.36* 
0.46** 
0.13 
-0.04 
0.44* 
-0.47** 
rear 
-
0.40* 
0.45** 
0.15 
-0.00 
-0.15 
lean 
-
-
0.56 
0.11 
0.15 
-0.29 
lobj 
-
-
-
0.12 
-0.05 
-0.31 
sobj 
-
-
-
-
-0.34 
-0.20 
sniff 
-
-
-
-
-
-0.41* 
groom 
-
-
-
-
-
-
For abbreviations and p-levels see Table 5.2. 
- 84 -
TABLE 5.6 
Heritabilities and applied transformations of the hippocampal 
variable 
dyn L 
dyn R 
dyn L-R 
enk L 
enk R 
enk L-R 
prot L 
prot R 
prot L-R 
transf. 
X1 
X1 
X1 
x
l/3 
x
l/3 
χΐ 
ln(X) 
ln(X) 
x* 
ha 
EXPLO 
0.13 
0.05 
0.07 
0.19 
0.18 
0.02 
0.45* 
0.39 
n.d. 
NAIVE 
0.05 
0.08 
0.06 
0.11 
0.33 
0.09 
0.37 
0.52* 
n.d. 
bg 
EXPLO 
0.88*** 
0.86 
0.87 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
NAIVE 
0.76 
0.81 
0.85 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
h„, h¿: heritabilities in the narrow and the broad sense, 
resp.; EXPLO, NAIVE: exploration and control group, resp.; dyn: 
dynorphin B, enk: methionine-enkephalin, prot: tissue protein 
content; L, R: left and right hippocampus, resp.; L-R: left 
minus right side content; n.d.: not determinable. Level of 
significance: psO.05, **pS0.01, ***pi0.001. 
Significant narrow heritabilities estimated for the 
behavioral activities locomotion, rearing, and leaning were 
attended with high positive additive-genetic correlations. 
Floor-sniffing correlated positively with rearing, leaning, and 
grooming. The environmental and phenotypical correlations 
mimicked their additive-genetic counterparts to a large extent 
but they were less pronounced. 
Unlike those estimated for the above three important 
behaviors, the narrow-sense heritabilities estimated for the 
hippocampal variables were low and nonsignificant. Robust 
broad-sense heritabilities were estimated for the dynorphin В 
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TABLE 5.7 
Additive genetic correlations between hippocampal and behavioral 
variables 
locora rear lean lobj sobj sniff groom 
dyn L 
dyn R 
dyn L-R 
enk L 
enk R 
enk L-R 
prot L 
prot R 
prot L-R 
0.31 
-0.77*** 
0.92*** 
0.55* 
0.07 
1 
0.98*** 
0.98 
n.d. 
0.10 
-0.89*** 
0.76*** 
0.61* 
0.15 
1 
0.93 
0.94*** 
n.d. 
-0.10 
-1.00*** 
0.58* 
0.67** 
0.26 
1 
0.84 
0.84*** 
n.d. 
0.12 
-0.02 
-1 
n.d. 
0.99 
1 
0.43 
-0.84*** 
-0.86*** 
0.09 
0.04 
0.01 
n.d. 
-0.89*** 
-1 
-0.28 
0.74** 
0.67* 
0.20 
0.15 
0.17 
n.d. 
-1 
-0.91*** 
-0.60 
0.74** 
0.93*** 
-0.59 
-0.36 
-0.35 
n.d. 
For abbreviations and p-levels see Table 5.6. 
TABLE 5.8 
Environmental correlations between hippocampal and behavioral 
variables 
locom rear lean lobj sobj sniff groom 
dyn L 
dyn R 
dyn L-R 
enk L 
enk R 
enk L-R 
prot L 
prot R 
prot L-R 
-0.01 
0.04 
-0.04 
0.06 
0.11 
-0.10 
-0.02 
0.11 
-0.09 
-0.02 
-0.05 
0.02 
-0.10 
-0.06 
-0.04 
-0.07 
-0.02 
-0.00 
-0.28* 
-o.u 
-0.13 
-0.05 
-0.04 
0.00 
-0.28* 
-0.06 
-0.10 
-0.23 
-0.19 
-0.04 
0.05 
0.17 
-0.18 
-0.10 
-0.08 
0.08 
-0.18 
0.06 
-0.21 
0.09 
0.09 
-0.00 
-0.20 
0.01 
-0.16 
-0.17 
-0.02 
-0.14 
0.14 
0.14 
-0.02 
-0.13 
-0.09 
-0.01 
-0.19 
0.05 
-0.21 
-0.01 
0.02 
-0.01 
-0.12 
-0.20 
0.05 
For abbreviations and p-levels see Table 5.6. 
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TABLE 5.9 
Phenotypical correlations between the hippocampal and the behavioral 
variables 
dyn L 
dyn R 
dyn L-R 
enk L 
enk R 
enk L-R 
prot L 
prot R 
prot L-R 
locom 
0.00 
0.07 
-0.05 
0.10 
-0.05 
0.10 
-0.02 
-0.09 
0.05 
rear 
-0.35* 
0.08 
-0.38* 
-0.26 
-0.04 
-0.16 
-0.08 
-0.01 
-0.05 
lean 
-0.21 
-0.17 
-0.06 
0.30 
0.07 
0.20 
0.36* 
-0.20 
0.40* 
lobj 
-0.37* 
-0.02 
-0.32 
0.01 
-0.10 
0.14 
0.29 
-0.21 
0.34 
sobj 
-0.12 
0.12 
-0.20 
-0.37* 
-0.39* 
0.05 
0.23 
0.22 
0.04 
sniff 
0.30 
0.15 
0.15 
0.37* 
0.30* 
0.02 
0.15 
0.24 
-0.05 
groom 
0.14 
0.04 
0.10 
-0.06 
0.09 
-0.13 
0.15 
0.06 
0.07 
For abbreviations and p-leveIs see Table 5.6. 
variables. Several hippocampal variables showed high additive-
genetic correlations. For example, right-side hippocampal 
dynorphin В content correlated negatively with locomotion, 
rearing, and leaning, while left-side enkephalin correlated 
positively with these behaviors. Also, left- and right-side 
protein content correlated positively with these behavioral 
activities. Furthermore, methionine-enkephalin of both 
hippocampi correlated negatively with object-sniffing, but 
positively with floor-sniffing and grooming. Environmental and 
phenotypical correlations were either low or absent; only a few 
significances appeared. In addition, left- and right-side 
methionine-enkephalin were highly correlated (rA=0.92***) and a 
positive, but nonsignificant, correlation was found between the 
hippocampal sides for dynorphin В (rA=0.57). Between the two 
peptides, but only for the left hippocampus of naive animals, a 
negative additive-genetic correlation was estimated (гд=-
0.78 ). Such a correlation arose for the right-side 
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hippocampus in animals that had experienced environmental 
novelty (гд=-0.9 3 ). 
TABLE 5.10 
Weighted factor analysis performed on the 
matrix of additive-genetic correlations 
between behavioral acts and hippocampal 
dynorphin В and methionine-enkephalin 
Variable 
locom 
rear 
lean 
lobj 
sobj 
sniff 
groom 
dyn L 
dyn R 
enk L 
enk R 
Factor I 
-0.95 
0.81 
1.07 
-1.06 
-0.67 
0.63 
0.92 
Factor II 
1.06 
1.04 
0.96 
0.33 
0.38 
-0.71 
0.48 
Only loadings with a value Ì |0.30| are 
shown. For abbreviations see Tables 5.2 and 
5.6. 
The additive-genetic correlations are summarized by the 
results of the factor analysis (Table 5.10). The set of 
variables could be partitioned into two factors. The 
exploratory activities locomotion, rearing, and leaning had 
high and positive loadings on Factor II. Right-side hippocampal 
dynorphin В also showed a high loading on this Factor, but a 
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negative one. High loadings on Factor I were apparent for both 
sniffing behaviors and grooming. The peptides had loadings with 
opposite signs on this Factor: dynorphin В negative and 
methionine-enkephalin positive. 
5.3.5. 
Correlated Responses to Selection 
The line differences established between SRH and SRL (van 
Abeelen, 1975) were also found in this study: the former scored 
highest for rearing (p<0.001), the behavior selected for, and 
also for locomotor activity (p<0.001). In addition, SRL mice 
spent considerably more time grooming than SRH animals 
(p<0.001). 
140 -
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Fig. 5.7: Hippocampal levels of dynorphin В and methionine-enkephalin (± SE) 
of mice from the selection lines SRH and SRL that had explored 
(hatched bars) and of their naive counterparts (open bars). For 
abbreviations, see Fig. 5.5. 
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Although no significant novelty-induced changes in peptide 
levels were revealed by the Mann-Whitney U-tests and the ANOVA, 
a tendency for reduction was observed for both opioids, except 
for left-side methionine-enkephalin in SRL (see Fig. 5.7). 
The higher locomotor activity of SRH was attended with an 
additive-genetic correlation with rearing of 0.99 (see Table 
5.3), which makes a correlated response to the genetic 
selection for rearing likely. In contrast, the selection lines 
exhibited differences in opposite directions for rearing and 
grooming; no genetic correlation between these behaviors 
emerged (rA=0.09). As for the hippocampal variables, a 
correlated response to selection seems likely for left- and 
right-side protein (higher in SRH, both p<0.001; rA=0.93 and 
0.94, respectively; Table 5.7) but not for either peptide; 
their levels were higher in SRL. 
5.4. 
Discussion 
This study clearly demonstrates that exposure of mice to 
environmental novelty induces a shift in the level of, 
especially, left-side hippocampal dynorphin B. As seen 
phenotypically, the tissue content of this peptide tended to be 
lowered in animals that had explored the observation cage, when 
compared to that of naive mice. Noteworthy is the sharper 
decrease observed in DBA/2 mice relative to C57BL/6 animals. In 
the previous chapter, it has been suggested that the low 
exploratory activity of DBA/2 mice, as compared to C57BL/6 
animals, is due to an over-release of hippocampal dynorphin B. 
Assuming that lower tissue content reflects release of the 
peptide, this conclusion is strongly reinforced by the direct 
approach used in the present study. 
Van Abeelen Б Gerads (1986), by using the 
ethopharmacological approach of Chapter 4, have provided 
evidence that an analogous situation exists for these strains 
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with regard to the novelty-induced release of hippocampal 
methionine-enkephalin. The results of the radioimmunoassay for 
this peptide did not support their finding. Moreover, no 
unequivocal novelty-induced effects on the pentapeptide became 
apparent at all. In general, the methionine-enkephalin levels 
of mice that had experienced environmental novelty tended to 
rise insofar the animals belonged to the inbred strains and HL, 
while hippocampal methionine-enkephalin of the selection lines 
SRH and SRL showed the opposite, expected, trend. Therefore, 
only these latter animals responded in the manner predicted by 
the hypothesis of van Abeelen 6 Gerads. 
Furthermore, the quantitative-genetic analysis revealed 
that the two hippocampal opioids are causally, but inversely, 
related. There is evidence that physiological mechanisms of the 
dentate granule cells regulating dynorphin В and methionine-
enkephalin react differently to hippocampal stimulation. Gall 
(1988) has demonstrated that treatments which induce 
epileptiform activity in the mouse hippocampus Increase 
methionine-enkephalin-immunoreactivity of the mossy fibers, 
whereas they reduce this pathway's immunoreactive dynorphin B. 
However, within the framework of the disinhibition theory (Ch. 
1, section 1.3.1.) no satisfactory explanation can be given for 
the pentapeptide's observed behavior in the four strains. 
Many substantial additive-genetic correlations could be 
estimated between exploratory activities among themselves and 
between various hippocampal variables and behavior. A relative 
large number of correlations either could not be determined or 
were nonsignificant. The origin of these inadequacies lies in 
the nature of HL, a strain that proved to be unsuitable for the 
analysis (see Appendix I, for discussion). Pronounced additive-
genetic correlations were found between right-side dynorphin В 
and the major exploratory activities locomotion, rearing, and 
leaning. Unfortunately, these гд'з go with low narrow-sense 
heritabilities, making them less robust than they may seem. 
Nevertheless, the quantitative-genetic approach provided 
convincing evidence that variations in exploratory behavior and 
in right-side hippocampal dynorphin В content are caused by 
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pleiotropic gene actions. 
A surprising finding was the fact that left- and right-side 
hippocampal dynorphin В cannot be equated. A left-right 
difference can be induced by environmental novelty or can 
disappear upon exploration. Moreover, the present study shows 
that such a hippocampal asymmetry is functionally linked to 
exploratory behavior by a common genetic basis. This gene-
dependent asymmetry could be the result of different dynamics 
in hippocampal peptide levels and/or genetic variations in the 
structure of dynorphinergic mossy fibers (see Chapter 3). 
In addition, it was found that Y-chromosomal factors exert 
clear influences on both hippocampal opioids as well as on 
protein content. The latter was taken as a measure for tissue 
mass, van Abeelen et al. (1989), by determing hippocampal 
weight directly, observed a Y-chromosomal influence on right-
side weight and on left-right difference. Asymmetry for protein 
content was not indicated in the present study. 
To further investigate the genetic basis of the hippocampal 
variables, SRH and SRL provide powerful tools because they 
allow a search for correlated responses to selection for 
rearing. By using this approach, it appeared that the behaviors 
rearing and locomotion, but also hippocampal protein, are 
causally connected. With respect to the two behaviors, these 
findings agree with earlier studies by van Abeelen (1975, 
197"), who also provided evidence of unifactorial control of 
rearing frequency and locomotor activity. Correlated responses 
were not found for either hippocampal opioid. This failure 
might be the result of the low narrow-sense heritabilities 
estimated for these variables (W.E. Crusio, pers. comm.). An 
alternative explanation may be that alleles which 
simultaneously influence behavior and the neuropeptides in the 
inbred strains were lost during the inbreeding that was applied 
in the selection process for rearing. 
In conclusion, the present study demonstrates that in the 
mouse a set of pleiotropic genes must exist that influence this 
animal's exploratory behavior as well as its hippocampal 
dynorphin В content. The release of hippocampal dynorphin В is 
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probably an important prerequisite for an animal's reaction 
towards new environmental stimuli, because low levels of this 
peptide are functionally linked to high exploratory scores. 

Chapter 6 
BIOSYNTHESIS AND RELEASE OP MOUSE HIPPOCAMPAL DYNORPHIN AND 
ENKEPHALIN 
6.1. 
Introduction 
MOUSE HIPPOCAMPAL DYNORPHIN В and methionine-enkephalin 
constitute crucial elements in the physiological pathway 
leading from the genotype to exploratory behavior (cf. the 
preceding Chapters). These opioids belong to two peptide 
families, each derived from a distinct prohormone. 
Proenkephalin A, a ca. 30 kD polypeptide (Yoshikawa et al., 
1985), is the common precursor of methionine- and leucine-
enkephalin, as well as of several enkephalin-containing 
peptides, ECP, (Yoshikawa et al., 1984; Fig. 6.1). 
Dynorphin В, among other kappa receptor agonists, and leucine-
enkephalin are derived from proenkephalin В (Civelli et 
al.,1985; Fig. 6.1.), a ca. 30 kD protein (Kakidani et al., 
1982). The majority of methionine- and leucine-enkephalin 
sequences are flanked by pairs of basic amino acids, which 
serve as 'processing signals' for trypsin-like enzymes (see, 
e.g., Udenfriend & Kilpatrick, 1983). However, mechanisms that 
control proteolytic cleavage of these precursors are highly 
complex and extremely specific (Orlowski & Wilk, 1981). This is 
illustrated by the fact that the number of bioactive opioid 
peptides produced from these precursors is larger than 
predicted if trypsin-like digestion of the basic amino acid 
residues went to completion (see a review by Eiden, 1987). 
Moreover, the ratio of proenkephalin A- and proenkephalin-B-
derived products varies considerably between different regions 
in the central nervous system, thus indicating tissue-specific 
processing (Birch 6 Christie, 1986; Seizinger et al., 1984; 
Sonders St Weber, 1987; White et al., 1986). For example, 
dynorphin В is a terminal product of precursor processing in 
some tissue (see a review by Smith S. Lee, 1988; Ch. 4, 5), but 
can serve as an intermediate for the production of leucine-
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Fig. 6.1: Structure and proteolytic products of proenkephalin A and -B in 
the central nervous system of mammals (after Sonders & Weber, 
1987; Katzenstein et al., 1987). Methionine- and leucine-
enkephalin (ME and LE, resp.) are bracketed by pairs of the basic 
amino acids arginine (Arg) and/or lysine (Lys). MERF: Methionine -
enkephalin-Arginine^-Phenylalanine , MERGL: Methionine -
enkephalin-Arginine -Glycine -Leucine , EP: Endorphin, and Dyn: 
Dynorphin. 
enkephalin in other tissue (Zamir & Quirion, 1985). From the 
evidence presented in this thesis (Ch. 1-5), it is fair to 
assume that in the mouse hippocampus a balanced interplay of 
various opioid peptides is a sine qua non for optimal 
exploratory activities. 
The present study explores some aspects of the processing 
and the action of mouse hippocampal opioids. Questions 
addressed included: 
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(1) Can the presence of ECP 's In the mouse hippocampus be 
confirmed? ECP's can be detected and identified by Sephadex 
chromatography in combination with treatment of the 
chromatographed fractions with the enzymes trypsin and 
carboxypeptidase B, which simulate the natural processing of 
enkephalins (Udenfriend & Kilpatrick, 19Θ3). Methionine-
enkephalin liberated in this manner can be detected by RIA. 
(2) Which opioid peptides in the mouse hippocampus are 
released? An appropriate experimental design to pursue this 
question is a superfusion system. It allows hippocampal tissue 
slices to be flushed with a physiological medium and release of 
neuromediators can be induced by, e.g., a depolarizing 
potassium stimulus. 
(3) Can the physiological action of opioids In the mouse 
hippocampus be established? One of the physiological actions of 
these peptides is to disinhibit pyramidal cell-mediated 
responses by blocking inhibitory GABAergic basket cells (cf. 
Ch. 1, section 1.2.3.). Demonstrating this action in vitro at 
the level of neurotransmitter release becomes possible by 
taking advantage of a common neuron property, namely their 
potency to recycle non-peptidergic transmitters by a high 
affinity re-uptake mechanism (see, e.g., Ottersen & Storm-
Mathisen, 19Θ4). By loading GABAergic neurons with [3H]-GABA it 
is possible to monitor the release of the radiolabeled analog 
under the influence of opioid peptides. 
6.2. 
Methods 
6.2.1. 
Animals 
Male mice from the strain C57BL/6JKunNmg, aged 3-4 months, were 
used. Particulars about husbandry and maintenance of the 
animals can be found in Ch. 3, section 3.2.1. 
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Preparation of Hippocampal Slices 
The hippocampi were isolated in a cold room (4*C) by the 
procedure described in Ch. 5, section 5.2.3. Tissue slices were 
prepared as follows: two hippocampi, positioned side by side in 
the slot of an agar support (4% Agar/0.9% NaCl), were cut in 
0.2 mm sections perpendicular to the longitudinal axes by a 
slicing device (Mickle Gel Slicer, Comshall, Surrey, England) 
equipped with a defatted razor blade. By preparing slices in 
this manner, the integrity of the major hippocampal pathways is 
largely preserved, because the planar configuration of these 
fibers parallels the knife's cutting plane (cf. Ch. 1, section 
1.2.1.). During slicing, the tissue was moistened by a 
physiological medium (for its composition, see section 6.2.3. ). 
Immediately after cutting, the slices were taken off the razor 
blade with a brush drenched in medium and submerged in the 
physiological medium in either superfusion chambers (section 
6.2.6.) or wells of a microtiter plate (section 6.2.4.). 
6.2.3. 
The Incubation Medium 
A physiological medium according to Alger & Teyler (cited by 
Teyler, 1980) was used. It consisted of 117 mM NaCl, 5 mM KCl, 
0.9 mM NaH2P04, 1.6 mM MgS04, and 1.8 mM СаСІ2· Prior to use, 
0.218 mg/ml КаНСОз was added and the medium was aerated with 
carbogen gas (95% 02/5% CO2) for 30 min, during which time a pH 
of 7.2-7.4 was attained. Finally, the incubation medium was 
supplemented with glucose (2 mg/ml) and BSA (1 mg/ml). In those 
cases where the ionic composition of the medium had to be 
changed (see, e.g. section 6.2.6.), its molarity was held at 
the physiological level by adjustment of the NaCl 
concentration. 
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Labeling of Hippocampal Slices with [3H]-Amino Acids 
After preparation, hippocampal slices were transferred to wells 
of a microtiter plate (48 wells; Welcome, U.S.A.) in 150 μΐ of 
incubation medium that also contained 10 pCi of [3H]-asparagine 
(5.1 Ci/mmol), [3H]-lysine (79.3 Ci/mmol), [3H]-phenylalanine 
(130 Ci/mmol), and [3H3-tyroxine (41 Ci/mmol), all purchased 
from Amersham (U.K.). Incubation took place in a humidified 
atmosphere of 95% 02/5% CO2 in a shaking water bath at 37"C for 
Ih, 2h, 3h, and 6h. As a control, to correct for non-specific 
incorporation, slices were exposed to the [ H]-amino acids 
mentioned above at O'C for the same time intervals. Tissue 
slices equivalent to 4 hippocampi were evenly distributed over 
experimental and control incubations. Individual tissue slices 
were homogenized in 500 μΐ of 0.1 N HCl by using an all-glass 
homogenizer. The suspension was centrifugea at 4*C at 
10,000 χ g for 10 min. The supernatant was mixed with an equal 
volume of 20% w/v TCA (Merck, F.R.G.) and left overnight at 
4^. After centrifugation (10,000 χ g for 30 min), the 
supernatant was discarded and the pellet was washed twice by 
resuspending it in diethylether. Finally, the pellet was 
dissolved in 100 μΐ of 0.1 N NaOH and, after addition of 4 ml 
of aqualuma, monitored for radiolabeled proteins in a liquid 
scintillation analyzer (LSA). 
6.2.5. 
Analysis of Incorporated [3H]-Amino Acids by SDS Gel 
Electrophoresis 
Tissue slices, obtained from the mid-section of the 
hippocampus, were incubated individually in 50 μΐ of medium 
(using a 96 wells-microtiter plate (Welcome)) under the 
conditions described (section 6.2.4.) for 2 h. Each tissue 
piece was homogenized in 500 μΐ of 0.1 N HCl by an all-glass 
homogenizer. The suspension was centrifuged (10,000 χ g, 10 
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min) and the supernatant freeze-dried. The equivalent of ca. 
0.8 slice was analyzed by sodium dodecyl sulphate (SDS) gel 
electrophoresis as described by Swank ь Hunkres (1971), using a 
12.5 % Polyacrylamide gel. The molecular weight markers used 
were: [14C]-lysozyme (14.3 kD), [14C]-carbonic-anhydrase (30 
kD), [14C]-ovalbumin (46 kD), [14C]-bovine serum albumin (69 
kD), and [14C]-Phosphorylase b (92.5 kD). The radiolabeled 
peptides were detected by autoradiography (Kodak X-OMAT AR 
film). 
6.2.6. 
Release of Hippocampal Opioids by Superfusion 
Tissue slices were collected in a 700 μΐ superfusion chamber up 
to an equivalent of six hippocampi. The incubation medium, kept 
under 95% 02/5% CO2, was pumped (Cenco peristaltic pump) 
through the chamber with a flow rate of 230 μΐ/min. 
Superfusions were performed at 24'C and a depolarizing stimulus 
was evoked by increasing the potassium concentration of the 
medium from 5 mM to 50 mM. Two min-fractions were collected in 
100 pi of 2N HCl and immediately placed in a boiling water bath 
for 10 min to inactivate possible catabolic enzymes. After 
addition of 100 wl of (37%) H2O2 in order to monitor 
methionine-enkephalin (see Ch. 5, section 5.2.4.3.), the 
superfusion fractions were lyophilized. Each fraction was 
redissolved in 150 μΐ of 0.1 N HCI/CH3OH ( 1 : 1 v/v) for 
analysis in the RIA (see Ch. 5, section 5.2.4.2.). Superfused 
and freshly sliced hippocampal tissue were assayed for their 
peptide content. For the analysis of the release of 
dynorphin B, 1 mg/ml poly-1-lysine (molecular weight: 4000-
15,000 (Sigma)) was added to the medium. 
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6.2.7. 
High-Affinity Re-Uptake of [3H]-GABA and Superfusion in the 
Presence of Methionine-Enkephalin 
Hippocampal slices derived from one animal were distributed 
over four 300 μΐ-superfusion chambers and exposed to 10 wCi 
[ H]-GABA (62.3 Ci/mmol; Amersham) per chamber at 37*0 in the 
superfusion set-up for 15 min. This static incubation was 
followed by superfusion of the tissue slices at a flow rate of 
230 μΐ/min. After 10 mm, 30 sec-fractions were collected, 
mixed with 4 ml of aqualuma (Lumac/ЗМ), and monitored for [ H]-
GABA using a LSA. The influence of 10"4M methionine-enkephalin 
on the K+-induced release of [3H]-GABA was evaluated by the 
method of Middlemiss & Spedding (19Θ5). Briefly, after the 
first K+-stimulus (S^) a second efflux of [3H]-GABA was induced 
(S2), either in the presence of methionine-enkephalin or in its 
absence (control stimulus). The effect of the pentapeptide was 
quantified by calculating the S1/S2 ratio comparative to that 
of the control stimulus. A single superfusion experiment 
comprised four chambers, two of which functioned as controls 
and two as expérimentais (i.e., they received 10"4M methionine-
enkephalin during S2)· 
6.2.8. 
Separation of ECP's on Sephadex gel 
Two hippocampi were homogenized in 200 μΐ of 0.1 N HCl by 
sonication (see Ch. 5, section 5.2.3. ). The suspension was 
centnfuged at 4*C at 10,000 χ g for 15 min and the supernatant 
was treated with 20 μΐ (37%) of H2O2 at Ο'Ό for 30 m m , after 
which it was lyophilized. The remainder was dissolved in 100 μΐ 
of 50 mM Tris buffer (pH 8.4) containing 5 mM СаСІг, mixed with 
50 μΐ of (0.2 g/ml) dextran blue (Pharmacia, U.K.). This 
solution was filtered over a Sephadex G-50 gel (1.0 χ 18.0 cm) 
in the above mentioned buffer at 4*C. One min-fractions at a 
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flow rate of 450 μΐ/min were collected for Ih from the moment 
that dextran blue eluted off the column. 
To determine the molecular weights of the enkephalin-
containing hippocampal peptides, the Sephadex G-50 column was 
calibrated with the following peptides: 100 ng of a-MSH 
(1.7 kD) and 1 mg of trypsin inhibitor (6.3 kD), cytochrome С 
(12.6 kD), myoglobulin (15.9 kD), and chymotrypsin (25.1 kD). 
The elution profile of the former peptide was evaluated by RIA 
(after vaudry, 1978) and those of the others by the Biorad 
protein assay. 
6.2.9. 
Enzyme Treatment 
A slightly modified procedure according to Liston et al. (1984) 
was followed. Ninety μΐ were taken from each gel-filtration 
fraction and mixed with 10 μΐ of trypsin solution (16 \ig in 
0.001 N HCl; Sigma). The digestion reaction took place in a 
shaking water bath at 3TC for 16 h, after which the enzyme was 
heat-inactivated at 90'C for 10 min. Ten μΐ of carboxypeptidase 
В (СРВ) solution (0.4 pg in 0.001 N HCl; Sigma) was then added 
and the mixture was incubated for Ih (37*C),· termination was by 
heat inactivation. The elution fractions were screened for 
methionlne-enkephalin-immunoreactivity by RIA (see Ch. 5, 
section 5.2.4.2. ). 
6.2.10. 
Analysis of released ECP's from Hippocampal Slices 
Hippocampal tissue slices, obtained from 6 animals and divided 
over four 700 yl-chambers, were superfused and peptide release 
was induced by 50 mM K + (for details, see section 6.2.6.). The 
superfusion fractions were oxidized (ibid.) - but not heat-
inactivated - lyophilized, and reconstituted in 200 wl of the 
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aforementioned buffer (see section 6.2.8.)· One hundred μΐ 
(2 χ 50 μΐ) out of each fraction were screened by RIA and those 
that contained released methionine-enkephalin were pooled, for 
each chamber separately, and gel-filtration was performed as 
described (section 6.2.8.). After digestion with trypsln/CPB 
(section 6.2.9.), the elutlon fractions were analyzed by RIA. 
6.3. 
Results 
6.3.1. 
Viability of Hippocampal Tissue In vitro. 
Hippocampal slices, maintained in the In vitro Incubation 
system, incorporated [3H]-amino acids steadily over a period of 
6 h. Fig. 6.3 Illustrates the results of a representative 
experiment which was repeated twice with essentially the same 
results. The incorporation rate, calculated from the three 
experiments using linear regression analysis, was 
1.2 χ 105 cpm/hippocampus equivalent/h (correlation 
92.5 kD Fig. 6.2: SDS gel electrophoresis of 
69 kD radioactive proteins synthesized by 
mouse hippocampal slices in vitro. 
46 kD Ca. 0.8 and 0.1 slice equivalent are 
represented in lane 1 and lane 2, 
respectively. Lane 3 holds the 
30 kD (14C]-marker proteins. 
14.5 kD 
1 2 3 
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cpm χ 10 - 5 
10 -
8 -
б -
2 -
4 6 
Incubation Time (h) 
Fig. 6.3: The incorporation rate of [3H]-araino acids 
recorded in hippocampal tissue slices in vitro 
at 3TC on the basis of TCA precipitation. 
Total cpra is expressed per hippocampus 
equivalent and has been corrected for non­
specific incorporation at 0*C. 
coefficient: 
revealed 22 
ranged from 
0.95). Analysis by SDS gel electrophoresis 
radiolabeled proteins. Their molecular weights 
ca. 12 to ca. 74 kD (Fig. 6.2). A satisfactory 
reproduction of radiolabeled peptides < 30 kD was not possible 
because of their faint autoradiogram density. High molecular 
labeled proteins (> 30 kD) were prominent, in particular a 
protein of ca. 46 kD (ibid.) dominated. 
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6.3.2. 
Release of Hippocampal Methionine-Enkephalin and Dynorphin В 
Fifty mM K + evoked an 
enkephalin (Fig. 6.4). 
efflux of hippocampal methionine-
This treatment almost completely 
depleted the tissue content of the pentapeptide. The K-1 
induced release in Ca2+-free medium was reduced by about 50%. 
2 . 0 -
1.Ο­
ΙΟ 20 30 
Superfusion Collection Time (min) 
Fig. 6.4: К -induced release of endogenous methionine-
enkephalin from mouse hippocampal slices in 
vitro. The efflux was evaluated in the presence 
and the absence of external Ca : indicate 
solid and open circles, respectively. 
ted by 
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The release of methionine-enkephalin in the presence of 
,2+ 
10 mM 
EGTA (Sigma), to completely eliminate extracellular Ca·4"1", could 
not be evaluated because the chelator disrupted 
antibody/antigen binding in the RIA. 
Immunoreactive dynorphin в in high K+-containing 
superfusion fractions was very low and inconsistent (data not 
shown). The tridecapeptide content of the superfused tissue was 
below the detection level of the RIA. 
, 6.3.3. 
Release of [^Hl-GABA in the Presence of Methionine-Enkephalin 
1.0-
0.5-
cpm χ 10 - 3 
10 20 Z0 
~Γ 
40 50 
3.0-
2.0-
1.0-
f cpm χ 10 3 
SOmU К* 
В 
- Со 2+ 
releose time (min) 
Π 1 1 1 1 — 
10 20 30 40 50 
release time (min) 
Fig. 6.5: Release of [ H]-products from four mouse hippocaropal tissue slices 
in a medium with (A) and without calcium (B). The depolarizing K*-
stimulus was administered from 16 up to 24 min. 
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2 4 6 8 
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Fig. 6.6: A: HPLC analysis of radiolabeled products released from mouse 
hippocampal tissue slices before (open circles) and during 
superfusion with 50 mM potassium (solid circles). The elution 
time of [ H]-GABA is indicated by an arrow. The spherisorb 10 
0DS HPLC column (Chrompack 250x4.6 mm i.d.) was eluted with a 
buffer (20 mM sodium phosphate, monobasic, pH 4.2, 30mM citric 
acid, and 3 mM 1-octanesulfonic acid) and methanol at a flow 
rate of 2 ml/min. 
B: K+-induced release of [3H]-products from hippocampal slices. 
The HPLC elution profile was constructed by subtracting the 
basal release products (open circles in Fig. 6.5. A) from the 
products released during 50 mM K* (closed circles in Fig. 
6.5. A). The arrow indicates the elution position of [^H]-GABA. 
Fifty mM K + induced the release of [3H]-GABA and not of its 
metabolic products (verified by HPLC analysis; Fig. 6.6.). This 
process was completely dependent on Ca 2 + (Fig. 6.5.). The K+-
induced release of [3H]-GABA was not influenced significantly 
by the presence of ΙΟ - 4 M methionine-enkephalin (Student t-
test, one-tailed; Table 6.1.)· 
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TABLE 6 . 1 . 
In f luence of meth ion ine-enkephal in on 
the K+- induced r e l e a s e of [3H]-GABA from 
mouse hippocampal s l i c e 
S1/S2 
+ 
3 0 . 8 
38 .5 
29 .1 
27 .8 
25 .1 
39 .1 
-
27 .2 
3 6 .6 
4 1 . 0 
3 3 . 4 
2 8 . 0 
3 9 . 0 
R e l a t i v e r e l e a s e r a t e s , S1/S2 ( s e e 
s e c t i o n 6 . 2 . 7 . ) , of [3H]-GABA in the 
presence of meth ion ine-enkephal in (+) 
and in the absence of the pentapept ide 
( - ) determined from s i x independent 
super fus ion experiments . Each va lue 
r e p r e s e n t s the mean of 81 /82 r a t i o s of 
two chambers. 
6.3.4. 
Enzymatic Generations of Enkephalins 
Only the Sephadex column fractions t rea ted with trypsin/CPB 
cons t i tu ted a d i s t i n c t enkephalin-immunoreactive e lu t ion 
p ro f i l e (see Fig. 6 .7) . Seventeen methionine-enkephalin-
containing products were dis t inguished. A variety of these 
contained peptides whose molecular weights could be equated 
with those of several known ECP's (ibid.). The number of 
methionine-enkephalin sequences tha t cons t i tu ted product I 
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rMet.-Enk.-ir. ( p g ' 2 ) 
10-
5 -
Elution volume (ml) 
Fig 6 7 Cumulative Sephadex elution profile of hippocampal extracts from 
six mice generated by trypsin/СРВ digestion The profile in white 
is from one mouse and that in black is the total of six mice 
Seventeen recurrent methionine-enkephalin-lmmunoreactive (Met -
enk-ir) products were assigned and the molecular weights of those 
that could be equated with the molecular weights of identified 
ECP's are indicated M(0)E Methionine-enkephalin sulfoxide, for 
abbreviations of the other peptides under peak XVII, see Fig 6 1 
comparative to those of the other products was, roughly 
estimated, lower than 1%. Synthetic methionine-enkephalin 
coeluted with tissue products under peak XVII in the Sephadex 
elution profile. Hippocampal opioid peptides, released under 
influence of 50 mM potassium, corresponded with peak xvn in 
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the elution profile of Fig. 6.7. (not shown). Trypsin/CPB 
digestion of these Sephadex fractions did not reveal additional 
enkephalin-containing products. 
6.4. 
Discussion 
Mouse hippocampal slices maintained іл vitro remain viable for 
at least 6 h. This is shown by the tissue's ability to 
incorporate [^H]-amino acids into, predominantly, high-
molecular-weight proteins, indicating that the neurons are 
functioning. Hippocampal cells, in particular, are sensitive to 
glucose deprivation and anoxia, both of which cause 
irreversible tissue damage (Whittingham et al., 1984). 
Therefore, the medium was gassed by 95% 02/5% CO2 throughout 
the experiments and hippocampal slices were prepared under 
hypothermic conditions in order to slow down their metabolic 
activity. Only when these precautions were taken was a high 
incorporation rate of [3H]-amino acids guaranteed. Several weak 
bands of radiolabeled proteins were found around 30 kD, which 
could be potential candidates for the enkephalin- and dynorphin 
precursors. The low levels of these products, however, 
prohibited further analysis. In rat and guinea pig, a similar 
In vitro system for hippocampal slices proved to be suited for 
monitoring electrophysiological responses (Tanimoto 6 okada, 
1987) and preserved the fine structure of the input synapses, 
such as the mossy fiber endings (Frotscher 6 Misgeld, 1989). In 
conclusion, peptide dynamics can be studied in the In vitro 
hippocampal slice preparation of the mouse. 
Release of mouse hippocampal methionine-enkephalin appeared 
to depend only in part on the presence of Ca 2 + ions in the 
medium. External calcium is a necessary prerequisite for the 
synaptic release of 'classical' neurotransmitters as well as 
neuropeptides (see, e.g., Orrego, 1979) and a Ca2+-dependent 
release of hippocampal methionine-enkephalin has been 
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demonstrated in the rat (Patey et al., 1985). It is not clear 
whether the discrepancy between mouse and rat reflects 
differences in physiological processes for these species or has 
to be reduced to experimentally-induced artefacts. Against the 
latter argument stands the fact that release of [3H]-GABA was 
found to be completely dependent on external calcium, which 
confirms findings in rat hippocampal slices (Blaxter et al., 
1986). Therefore, the Ca2+-independent release component of 
hippocampal methionine-enkephalin may well be a biological 
phenomenon inherent to the mouse. It could reflect the 
utilization of intracellular Ca2"1" to support the secretory 
process to a higher extent than in the rat. 
Release of hippocampal dynorphin В could not be 
demonstrated unequivocally. Nevertheless, it is most likely 
that this peptide is a hippocampal neuromediator, as has been 
established indirectly in the mouse (cf. Ch. 5) and has been 
demonstrated in rat hippocampal slices (Chavkin et al., 1983) 
and mossy fiber synaptosomes (Terrian et al., 1988). The 
inconclusive results obtained here might be due to a technical 
problem such as enzymatic breakdown of the tridecapeptide. For 
example, it has been reported that breakdown hampers the assay 
of this peptide in superfusion studies with rat hippocampal 
slices (Chavkin et al., 1983), which could only be prevented by 
poly-1-lysine. Also, this peptide's elusive nature (see Ch. 5, 
section 5.2.4.4.) may have contributed to the failure of the 
superfusion experiments. 
The results of the GABA high-affinity re-uptake experiments 
show that mouse hippocampal GABAergic neurons are capable of 
taking up and releasing radiolabeled GABA. This demonstrates 
indirectly the presence of GABAergic neurons in this brain part 
of the mouse. The release of [3H]-GABA can, most likely, be 
ascribed solely to cells that use GABA as their natural 
transmitter, since the K+-stimulus evoked the efflux of only 
[3H]-GABA and not its radiolabeled metabolites. The latter 
products are commonly found as a result of high-affinity re­
uptake by non-GABAergic neurons. Furthermore, Korn Б Dingledine 
(1980) have demonstrated that glia cells, known for their 
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potency to absorb and release [JH]-amines, do not participate 
in the high-affinity re-uptake of [3H]-GABA in the rat 
hippocampus. 
Methionine-enkephalin did not induce the postulated 
reduction of the [3H]-GABA release, which is in accordance with 
findings of Fan et al. (1982) for the rat. Nevertheless, 
electrophysiological studies have provided extensive evidence 
in favor of the idea that hippocampal opioids exert their 
action through the inhibition of GABAergic cell activity (Ch. 
1, section 1.2.3. ). However, the superfusion experiment 
described here is a preliminary exploration of an alternative 
approach whereby the release of [3H]-GABA is directly measured. 
This approach needs to be elaborated and refined in order to 
obtain conclusive results concerning this issue. 
The studies involving enzymatic generation of enkephalins 
indicated the existence of ECP's in the mouse hippocampus. 
Several products in the Sephadex elution profile can be 
assigned to identified ECP's of various mammals (Davis et al., 
1985; Katzenstein et al., 1987; Udenfriend & Kilpatrick, 1983; 
Wilson, 1985). The nature of the other enkephalin-
immunoreactive products is at present unclear but their 
molecular weights can be equated with ECP's that, 
theoretically, could be generated by trypsin-like processing 
enzymes. Maybe, this Sephadex elution profile is characteristic 
for the mouse hippocampus. The low amount of proenkephalin A 
found, in comparison with other methionine-enkephalln-
immunoreactive products in the Sephadex elution profile, might 
indicate a rapid processing of the precursor into relatively 
stable ECP's and free enkephalins. This confirms findings of 
Patey et ai., 1985, who demonstrated that, in the rat striatum, 
processing of proenkephalin A results mainly in low-molecular-
weight ECP's, predominantly the free enkephalins. A high 
resolution analysis, such as HPLC, will be required to fully 
characterize the ECP's and the nature of the peptides released. 
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Chapter 7 
GENERAL DISCUSSION 
EXPLORATORY BEHAVIOR ALLOWS animals to collect olfactory, 
acoustic, visual, and tactile information about novel 
environments and, for this reason, must have an important 
adaptive value. Exploratory activities in mice show 
considerable genetic variation (Ch. 3 6 5). The high narrow 
heritabilities estimated for the major exploratory acts (ibid.) 
suggest an evolutionary history of stabilizing selection that 
has favored genotypes giving rise to intermediate levels of 
this behavior (see Ch. 1, section 1.3.3.1.). Moderate 
exploratory activity levels can be understood as a compromise 
between the benefits of gathering new information about the 
presence of shelter, escape routes, food, and conspecifics and, 
on the other hand, the danger of exposure to prédation. The 
estimated additive-genetic correlations revealed that the 
genetic underpinnings of exploratory behavior differ from those 
of other behaviors such as grooming (Ch. 3 & 5). 
In rodents, the hippocampal regio inferior, especially the 
mossy fiber pathway, is seen as a nodal link in the flow of 
sensory information signalling environmental novelty (Ch. 1, 
section 1.2. ). The present study supports this view since it 
shows that hereditary variations in structural and 
neurochemical characteristics of this part of the brain have 
profound effects on the novelty-induced behavior of mice. 
Evidence is presented that, although environmental novelty 
seems to trigger the release of hippocampal dynorphin B, the 
amount of peptide set free is genetically controlled, as is, 
consequently, the exploratory activity of the mouse (Ch 4 & 5). 
On the basis of previous findings (Ch. 1, section 1.3.1. ), it 
has been postulated that the novelty-induced release of 
hippocampal dynorphin В disinhibits mouse exploratory behavior 
in a genotype-dependent way by disinhibiting hippocampal 
chollnergically-mediated action through the blockade of 
inhibitory GABAergic pathways. The quantitative- genetic 
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approach of the present study places this neuropeptide within 
the concept that assigns a disinhibitory mode of action to all 
hippocampal opioids (Ch. 1, section 1.2.3.)· 
From the additive-genetic correlations it is concluded 
that, in mice, there exists a set of genes that influences both 
the structural properties of the hippocampal dynorphinergic 
mossy fibers and exploratory activity. In particular, 
genetically-controlled variations in intra- and infrapyramidal 
mossy fibers (iipMF) were shown to play a role in processes 
determining variation in mouse exploration. These pleiotropic 
effects produce, on the one hand, long iipMF, favoring high 
exploratory scores (Ch. 3), while, on the other hand, they 
cause the synaptic fields of this pathway to be large, 
entailing low exploratory scores. The latter relationship found 
only weak support in the present study but such a genetically-
determined covariation has been demonstrated by Crusio et al. 
(1989c) with regard to Timm-stained iipMF in mice. The 
phenotypical, i.e. behavioral, consequences of such gene 
actions will be the result of balanced mean effects of the 
'increaser' and the 'decreaser' alleles. However, natural 
selection pressures favoring alleles that produce long iipMF 
seem plausible. The populational variation is reflected in the 
phenotype of, for example, C57BL/6 mice which have longer iipMF 
and exhibit higher exploratory scores as compared to DBA/2 
animals (Ch. 3). The former probably possess a more efficient 
hippocampal dynorphinergic transmitter system, whereas DBA/2 
animals are characterized by an overshoot in the novelty-
induced release of this peptide, making them less efficient 
explorers (Ch. 4). It is noteworthy that C57BL/6 mice habituate 
more readily to a novel environment then do DBA/2 mice (Crusio 
& Schwegler, 1987), which indicates that the former process 
novel information more rapidly. The genetically-controlled 
variations in iipMF structure are likely to affect the 
distributions of synapses over the various cell types in the 
hippocampal regio inferior, notably the GABAergic basket cells 
and the CA3 pyramidal cells (see also Ch. 1, section 1.2.3. ). 
This may well result in shifts in the inhibition/excitation 
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balance to which the САЗ pyramidal neurons are subject. It is 
probable that the presence of long iipMP promotes the flow of 
information through the hippocampal regio inferior and allows 
an efficient processing of that information. 
It is obvious that many genetic factors regulate mouse 
exploration. Their precise mode of action is still largely 
unknown, however. Some light on the causal mechanisms 
underlying this behavior might be shed by the inbred selection 
lines SRH (selection for rearing: high) and SRL (selection for 
rearing: low), since the behavioral difference between the two 
lines is most probably caused by a single genetic unit {cf. Ch. 
1, section 1.3.1.3.). A correlated response to the selection 
for rearing was found with regard to hippocampal protein 
content, which is an index of tissue mass (Ch. 5). A more 
direct link with this genetic unit, probably, is the 
extensiveness of Timm-stained iipMF, since this variable is 
related with rearing frequency (Crusio et al., 1989a). If this 
hippocampal variable depends on a single locus, a possible 
candidate is an allele that regulates the production of a nerve 
growth factor or another factor closely associated with iipMP. 
Even a genetic factor regulating thyroxine synthesis in the 
thyroid gland may be involved, since this hormone affects the 
outgrowth of the hippocampal mossy fibers during early 
development (Lipp et al., 19Θ9). 
In conclusion, ample evidence has been obtained that 
genetic factors responsible for variation in the hippocampal 
dynorphinergic iipMF control mouse exploratory behavior. This 
relationship was not demonstrated at the phenotypical level, 
but it was revealed after analyzing the genetic correlations. 
This genetic approach appears to be a valuable biological tool 
for uncovering functional relationships between phenotypes such 
as behavior and neural variations in the brain. 
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Summary 
The objective of the present study was to obtain more insight 
into the genetically-controlled neural mechanisms that underlie 
adaptive mouse exploratory behavior. I have focused my research 
on hippocampal opioids, since earlier investigations had 
pointed toward a role of these peptides in the novelty-induced 
behavior of mice (Ch. 1, section 1.3.1.). In order to uncover 
functional relationships between hippocampal opioids and 
exploratory behavior, a quantitative-genetic approach was 
chosen. This method allows heritabilities and additive-genetic 
correlations to be estimated (Ch. 1, section 1.3.2. & Appendix 
I)· 
In Chapter 2 a first step is taken toward understanding the 
role hippocampal opioids play in the control of exploratory 
behavior. By using highly specific antisera directed against 
two prominent hippocampal opioids, namely dynorphin В and 
methionine-enkephalin, their immunohistochemical distributions 
were examined at the light- and electron-microscopical level. 
Methionine-enkephalin was found in two neuronal populations: 
the mossy fibers and cell bodies whose overall appearance 
indicates that they are probably interneurons. Dynorphin В was 
restricted to the mossy fiber pathway and was found almost 
exclusively in the mossy fiber boutons. The results indicate 
that not all granule cells contain dynorphin В and it appears 
that an even smaller population of these neurons stain for 
methionine-enkephalin. By comparing two highly inbred mouse 
strains whose members differ in the novelty-induced behavioral 
activities, namely high-scoring C57BL/6 mice and low-scoring 
DBA/2 mice, it was found that in the former the sizes of the 
dynorphinergic infra- and intrapyramidal mossy fibers (iipMF) 
were larger. 
The quantitative-genetic analysis employed in Chapter 3 
revealed many causal relationships between dynorphin B-
containing hippocampal mossy fibers and exploratory activities. 
The additive-genetic correlations that were estimated suggest 
pleiotropic gene effects on locomotion, rearing, and leaning 
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among themselves and on several dynorphinergic ilpMF variables 
and the behaviors. Long iipMF were found to be associated with 
high activity levels of these behaviors and large synaptic 
fields entailed low activity levels. The latter relationship, 
however, found only weak support by the present analysis. Also, 
a hippocampal asymmetry with regard to the iipMF area is 
functionally connected to exploration by a common genetic 
basis. Furthermore, negative additive-genetic correlations were 
estimated between extensiveness of right-side suprapyramidal 
mossy fibers (supMF) and iipMF areas. Variation of supMF was 
observed to be dependent on variation in the Y chromosome. Many 
other genetic correlations could not be estimated, because they 
had exceeded their permitted range. This problem is caused by 
the heterogenous strain used, probably because of its buffering 
capacities. 
To ascertain the involvement of dynorphin В in the 
genotype-dependent control of exploration, two doses of anti-
dynorphin В antiserum were injected into the dorsal hippocampus 
of C57BL/6 and DBA/2 mice (Ch. 4). Injections that were placed 
into the hippocampal CA3 region reduced, in particular, the 
frequency of rearing in C57BL/6 and increased it in DBA/2 so 
that the original strain difference for this behavior was 
reversed. In C57BL/6, the presumptively optimal disinhibitory 
action of dynorphin В is upset by the antiserum, reducing the 
novelty-induced activities of these mice. In strain DBA/2, in 
contrast, an overrelease of this opioid peptide apparently is 
in part neutralized by the diluted antiserum, leading to higher 
exploratory rates. 
By means of radioimmunoassays, the hippocampal levels of 
dynorphin В and methionine-enkephalin were monitored in mice 
that had been exposed to environmental novelty, relative to 
naive animals (Ch. 5). Clear evidence was obtained that, 
especially, the left hippocampal content of dynorphin В tended 
to be lowered in animals that had explored an observation cage 
for 20 min, as compared to that of their naive conspecifics, 
indicating a novelty-induced release of this peptide. As for 
methionine-enkephalin, no unequivocal novelty effects became 
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apparent. DBA/2 mice responded to environmental novelty with a 
sharper decrease of hippocampal dynorphin В then did C57BL/6 
animals. This strengthens the aforementioned, indirectly 
obtained, conclusion that the low exploratory activity of DBA/2 
mice, as compared to C57BL/6 animals, is due to an overrelease 
of hippocampal dynorphin B. Significant negative additive-
genetic correlations were estimated between right-side 
dynorphin В and the activities locomotion, rearing, and 
leaning, suggesting that a low tissue content of this peptide 
entails high exploratory scores. A hippocampal asymmetry with 
respect to dynorphin В was found to be functionally linked with 
exploratory behavior as a result of pleiotropic gene action. 
Furthermore, it could be demonstrated that the two opioids are 
causally, but inversely, related. In addition, Y-chromosomal 
factors exert clear influences on both opioids as well as on 
hippocampal protein content; the latter was taken as an index 
for tissue mass. 
To further investigate the genetic basis of the hippocampal 
variables, the genetically-selected lines SRH (selection for 
rearing: high) and SRL (selection for rearing: low) were 
employed because they allow a search for correlated responses 
to the selection for rearing. By using this approach, it 
appeared that the behaviors rearing and locomotion, but also 
hippocampal protein content, are causally connected (Ch.5). 
Correlated responses were not found for either hippocampal 
opioid in these experiments. 
Chapter 6 explores the prospects of studying processing and 
release of hippocampal opioids in mice. Hippocampal tissue 
slices can be maintained in vitro for at least 6 h. The 
viability of hippocampal neurons appeared from their capability 
to incorporate [ H]-amino acids into relatively high molecular-
weight proteins. By using a superfusion set-up, release of 
endogenous methionine-enkephalin could be induced by 50 mM K+. 
In the absence of external calcium, this efflux of the 
pentapeptide was reduced by ca. 50%. Release of dynorphin В was 
not demonstrated convincingly. High-affinity re-uptake and 
subsequent release of [3H]-GABA by hippocampal GABAergic 
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neurons was observed. A preliminary approach, by means of 
superfusion, to shed some light on the postulated inhibitory 
action of methionine-enkephalin on hippocampal GABAergic cells 
remained unsuccessful. The existence of several enkephalin-
containing peptides, which act as intermediates in the 
processing of proenkephalin in the mouse hippocampus, was 
established. 
Finally, in Chapter 7 it is concluded that genetic 
variation in dynorphinergic iipMF underlies variation in 
exploratory activities in mouse populations. 
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Samenvatting 
Het doel van dit onderzoek was een dieper inzicht te verkrijgen 
in de genetisch gereguleerde neurale mechanismen die ten 
grondslag liggen aan het adaptieve exploratieve gedrag bij 
muizen. Ik heb mijn onderzoek geconcentreerd op hippocampale 
opioïden, omdat eerdere studies aanwijzingen hebben verschaft 
dat deze peptiden zijn betrokken bij het door nieuwheid 
opgeroepen gedrag bij muizen (hfdst. 1, par. 1.3.1.). Teneinde 
functionele verbanden tussen hippocampale opioïden en 
exploratief gedrag op te sporen, werd voor een kwantitatief-
genetische analyse gekozen. Met deze methode kunnen 
heritabilities en additief-genetische correlaties geschat 
worden (hfdst. 1, par. 1.3.2.; Appendix I). 
In hoofdstuk 2 is een eerste stap gezet om de rol die 
hippocampale opioïden spelen bij de regulatie van exploratief 
gedrag beter te begrijpen. Door gebruik te maken van zeer 
specifieke antisera gericht tegen twee markante hippocampale 
opioïden, te weten dynorfine В en methionine-enkefaline, is de 
immunohistochemische verdeling van deze peptiden onderzocht met 
behulp van de licht- en de electronenmicroscoop. Methionine-
enkefaline werd in twee neuronale populaties aangetroffen: de 
mosvezels en cellichamen waarvan het aanzicht erop wijst dat 
het waarschijnlijk interneuronen betreft. Dynorfine В beperkt 
zich uitsluitend tot de mosvezels en bevindt zich voornamelijk 
in de karakteristieke uitstulpingen ervan, de zgn. boutons. De 
resultaten doen vermoeden dat niet alle korrelcellen 
dynorfine В bevatten en het blijkt dat een nog kleinere 
populatie van deze neuronen immunoreactief is voor methionine-
enkefaline. Door twee sterk ingeteelde muizenstammen te 
vergelijken waarvan de individuen verschillen in de door 
nieuwheid veroorzaakte gedragsactiviteiten, namelijk de hoog 
scorende C57BL/6-muizen en de laag scorende DBA/2-muizen, kon 
worden aangetoond dat bij de eerstgenoemden de afmetingen van 
de dynorfinerge intra- en infrapyramidale mosvezels (iipMF) 
groter zijn. 
De kwantitatief-genetische analyse, zoals toegepast in 
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hoofdstuk 3, wees op vele causale verbanden tussen hippocampale 
mosvezels die dynorfine в bevatten en exploratieve 
activiteiten. De geschatte additief-genetische correlaties 
suggereren pleiotrope gen-effecten voor locomotion, rearing en 
leaning onderling en voor diverse dynorfinerge iipMF variabelen 
en deze gedragingen. Lange iipMF blijken samen te gaan met hoge 
scores van deze gedragingen en uitgebreide synaptische velden 
hangen samen met lage gedragscores. De laatstgenoemde relatie 
vond echter slechts zwakke steun in de huidige analyse. 
Eveneens bleek een hippocampale asymmetrie m.b.t. de 
oppervlakte van de iipMF functioneel te zijn verbonden met de 
exploratie via een gemeenschappelijke genetische basis. Voorts 
werden schattingen verkregen van negatieve additief-genetische 
correlaties tussen de uitgebreidheid van de rechter 
hippocampale suprapyramidale mosvezels (supMF) en de 
oppervlakte van de linker en rechter iipMF. De variatie in 
supMF bleek afhankelijk te zijn van Y-chromosomale variatie. 
Veel andere genetische correlaties konden niet worden geschat, 
omdat de coëfficiënten zich buiten het toegestane bereik 
bevonden. Dit probleem vindt, naar alle waarschijnlijkheid, 
zijn oorsprong in de buffercapaciteit van de gebruikte 
heterogene stam. 
Om vast te stellen of dynorfine В betrokken is bij de van 
het genotype afhankelijke sturing van exploratie, werden twee 
doses anti-dynorfine B-antiserum geïnjecteerd in de dorsale 
hippocampus van C57BL/6- en DBA/2-muizen (hfdst. 4). Die 
injecties die waren terechtgekomen in het hippocampale CA3 
gebied verminderden, in het bijzonder, de frequenties van 
rearing bij C57BL/6 en verhoogden deze bij DBA/2, zodanig dat 
het oorspronkelijke stamverschil voor deze gedragscomponent 
werd omgekeerd. Bij C57BL/6 wordt de vermoedelijke optimale 
disinhiberende werking van dynorfine В ontregeld door het 
antiserum, met als gevolg dat de door nieuwheid geïnduceerde 
activiteiten van deze muizen worden verlaagd. DBA/2-muizen 
daarentegen kenmerken zich vermoedelijk door een overmatige 
afgifte van dit tridecapeptide die, blijkbaar, gedeeltelijk 
wordt geneutraliseerd door verdund antiserum, met als gevolg 
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hogere exploratieve scores. 
D.m.v. radioimmunoassays werden de hippocampale niveaux van 
dynorfine В en methionine-enkefaline gemeten bij muizen die aan 
een nieuwe omgeving waren blootgesteld, in vergelijking met de 
peptiden-niveaux van niet-blootgestelde dieren (hfdst. 5). Een 
sterke aanwijzing werd verkregen dat in het bijzonder de linker 
hippocampale inhoud aan dynorfine В de neiging vertoonde lager 
uit te vallen bij dieren die gedurende 20 min een 
observatiekooi hadden geëxploreerd, vergeleken met de inhoud 
bij de naïve soortgenoten. Dit werd verklaard als een door 
nieuwheid geïnduceerde afgifte van het tridecapeptide. M.b.t. 
methionine-enkefaline kwamen geen eenduidige door nieuwheid 
opgeroepen effecten naar voren. De DBA/2-muizen reageerden op 
omgevingsnieuwheid met een sterkere afname van hippocampaal 
dynorfine В dan de C57BL/6-dieren. Dit versterkt de hierboven 
genoemde - op indirecte wijze verkregen - conclusie dat de lage 
exploratieve activiteit van DBA/2-muizen, in vergelijking met 
deze activiteit van C57BL/6-dieren, het gevolg is van een 
overmatige afgifte van hippocampaal dynorfine B. Significante, 
negatieve, additief-genetische correlaties werden geschat 
tussen rechter hippocampaal dynorfine В en locomotion, rearing 
en leaning, die suggereren dat een lage weefselinhoud van dit 
peptide vergezeld gaat met hoge exploratieve scores. Een hippo­
campale asymmetrie m.b.t. dynorfine В blijkt functioneel samen 
te hangen met exploratief gedrag, als gevolg van pleiotrope 
gen-werking. Eveneens kon worden aangetoond dat beide opioïden 
causaal, maar in omgekeerde zin, gerelateerd zijn. Vastgesteld 
werd ook dat Y-chromosomale factoren een duidelijke invloed 
uitoefenen op zowel de twee opioïden als op het eiwitgehalte 
van de hippocampus; het laatste werd gebruikt als index voor 
weefselgewicht. 
Voor een nader onderzoek naar de genetische basis van de 
hippocampale variabelen werden de genetisch geselecteerde 
lijnen SRH (selectie voor rearing: hoog) en SRL (selectie voor 
rearing: laag) ingezet, omdat zij het mogelijk maken te zoeken 
naar gecorreleerde responsen van de selectie voor rearing. Door 
deze benadering kon het aannemelijk worden gemaakt dat de 
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gedragscomponenten rearing en locomotion, maar ook hippocampaal 
eiwitgehalte, causaal zijn verbonden (hfdst. 5). Dergelijke 
gecorreleerde responsen werden niet gevonden voor de 
hippocampale opioïden. 
Hoofdstuk 6 tast de mogelijkheden af voor bestudering van 
de proteolytische vorming en afgifte van hippocampale opioïden 
bij muizen. Hippocampale weefselplakjes blijven in vitro 
minstens 6 uur functioneren. De levensvatbaarheid van 
hippocampale neuronen bleek uit hun vermogen om [3H]-aminozuren 
in te bouwen in relatief hoog-moleculaire eiwitten. Door 
gebruik te maken van een superfusiesysteem kon d.m.v. 50 mM K+ 
afgifte van endogeen methionine-enkefaline worden opgewekt. Bij 
afwezigheid van extern Ca 2 + werd deze efflux van het 
pentapeptide teruggebracht met ca. 50%. Dynorfine В kon zo niet 
op een overtuigende wijze worden vrijgemaakt. High-affinity re­
uptake en, vervolgens, afgifte van [3H]-GABA door hippocampale 
GABAerge neuronen werd waargenomen. Een eerste poging om d.m.v. 
superfusie enig licht te werpen op de gepostuleerde inhiberende 
werking die methionine-enkefaline uitoefent op hippocampale 
GABAerge cellen had geen succes. Het bestaan van verscheidene 
enkefaline-bevattende peptiden, die als tussenproducten in de 
proteolytische omzetting van het proenkefaline optreden, werd 
aangetoond in de hippocampus van de muis. 
Tenslotte wordt in hoofdstuk 7 geconcludeerd dat genetische 
variatie in dynorfinerge iipMF ten grondslag ligt aan de 
variatie in het exploratieve gedrag bij populaties van muizen. 
Dit is het einde van het proefschrift, 
maar niet het einde van het onderzoek. 
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Appendix I 
A mathematical analysis of quantitative-genetic methods is 
presented as far as it is needed for the comprehension of the 
study at hand. A descriptive overview of the matter is given in 
Chapter 1. 
The phenotypic variance (Vp) of a population is the 
compound of genetic (VQ) and environmental (VE) variances and 
interaction (VG.E) and covariance (COVQ / E) between these: 
Vp = VG + VE + VG.E + 2C0VG/E 
when animals are bred under uniform environmental 
conditions, as in the laboratory, VG,E and COVG>E will be 
negligible. In the analysis they are omitted and the following 
expression will be approximately valid: 
vP = vG + vE 
It should be noted that vG incorporates additive-genetic 
effects, dominance, and epistatic interactions. Epistasis, when 
considered, makes quantitative-genetic analysis complex and 
cumbersome. For simplicity of calculation, it is assumed to be 
absent in the present analysis. 
Partitioning of the observed variance into its components 
can be exemplified by a population containing for an imaginary 
locus the alleles A^ and A2 in equal frequencies. Ignoring for 
the moment environmental effects, the phenotypical deviations 
of homozygotes and heterozygotes, relative to the mid-
homozygote point m, are denoted as a and d, respectively, in 
Falconer's (1960, 1981) notation. If there is no dominance, 
d=0. If one of the alleles is partially dominant to the other, 
then 0<|d|<a. If dominance is complete, then |d|=a. Also, |d|>a 
can occur, a phenomenon termed overdominance. The above can be 
illustrated as follows: 
genotype A2A2 A1A2 A1A1 
1 1 1 1 
phenotype m - a m m + d m + a 
For ease of calculation, m is set at zero by a simple shift of 
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scale: 
genotype A2 A2 A1 A2 A1 A1 
— I 1 1 1 
genotypic - a 0 + d + a 
value 
The population's genetic composition is: 
Ά PiiA-i + Й АдАг + % А2А2 
The resulting variance is given by: 
Ά a
2
 + Ά d 2 
Summed over a number of unlinked genes, k, this becomes 
к к 
И Σ ai 2 + '4 Σ di2, which is abbreviated to: V A + VD, the i-1 1 i=l 1 ли 
additive-genetic and the dominance components of variation. The 
phenotypic variance of a heterogeneous line can be expressed 
as: 
VHL =
 VA + VD + VE 
Genetic differences between inbred strains are based on 
additive-genetic effects exclusively. The phenotypic variance 
between inbred strains is given by the following approximation, 
assuming epistasis to be absent: 
Vp = V A + V E 
Here, V E equals Vw^thin' the common variance within inbred 
strains, and v A=(V b e t w e e n-v w l t h l n)/2n, with v b e t w e e n as the 
variance between inbred strains and η as the number of animals 
per strain (see Hegmann & Possidente, 1981). 
An estimate of the genetic variance, VQ, can be obtained 
from the following line of argument. As stated, the variance 
within inbred strains is an estimate of the environmental 
variance, VE. Since all individuals are homozygous, the 
variation observed must be caused by environmental influences. 
The genetic variance can be obtained as follows: 
VHL - VE = ( д + V D + VE) - v E = v A + v D = v G 
At this point it should be mentioned that VQ, because it is 
derived from a mathematical manipulation, can take values never 
reached by a variance calculated from measured data directly. 
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Certain influences not considered in the equations above may 
cause Vg to exceed д^, resulting in a negative value for VQ 
which is, of course, an impossibility. Confounding effects 
preventing HL and homozygotes to be compared in such a simple 
way are known. Hyde (197 3) points out that the genetic 
composition of heterozygotes represents a more balanced state 
than the artificial genetic make-up of homozygotes. This 
renders HL less vulnerable to environmental influences 
(buffering) and results in an environmental variance that is 
lower than that estimated from the inbreds. The consequences 
this problem entails for estimates of heritabilities and 
genetic correlations are addressed below. 
Heritability in the broad sense is the proportion of the 
observed phenotypic variance that is attributable to genetic 
variance: 
VHL 
It can take values between 0 and 1. If h 2 = 0, then the 
variance in a population is determined entirely by non-genetic 
influences and h 2 = 1 means that the variance observed must be 
attributed exclusively to genetic differences between 
individuals. However, h2, because of sampling error, can take 
values outside the permitted range. In the Chapters 3 and 5 
such heritabilities are reported as not determinable. 
The heritability in the narrow sense is the proportion of 
the phenotypic variance due solely to additive-genetic variance 
and it can be derived by following Hegmann & Possidente's 
(1981) line of thought: 
h 2 = 
VA + V E 
The heritabilities are presented in Chapters 3 and 5; their 
standard errors, which are omitted from the Tables, were 
calculated by means of the formulae below: 
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, , Пщ,-! Γ~2 П
Е
+П
НЬ
-3' 
S.E. (hg) = (i-hi) · / 
nHL·-3 J nE (nHL-5) 
S.E.(hg) = [h^(l-hg)+ — ] 
(1-h^)2 n E / 2 (nE+k-3) 
2n ng-2 J k-1 nE-4 
Неге, к is the number of inbred strains, η the number of 
animals per strain, and nE= k(n-l) is the degrees of freedom 
for the common variance within the inbred strains. The 
significance level of 115 was evaluated by the F-test 
(F = V H L / V E ) . That of hn was evaluated by taking the ratio 
h^/S-E. and using the table of critical values of t, with df = 
- (as advised by W.E. Crusio). 
A relationship between two variables χ and у is described 
by a statistic named the covanance. Analogous to the 
expression of Vp, a phenotypic covariance, COVp/
x>
yv, of a 
population can be defined: 
εονρ ( χ, γ ) = cov G ( X / y ) + со Е ( х > у ) 
The genetic covariance is obtained analogously to VG. The 
genetic correlation coefficient VQ is given by the formula: 
C0VG(x,y) 
rG -
/vG(x) * vG(y) 
Correlations go, theoretically, from 0, if no relationship 
between two variables is apparent, to |l|, if a perfect 
relationship exists. As mentioned, VQ may become negative, 
resulting in genetic correlations that are not determinable. 
Sampling errors may result in genetic correlations exceeding 
HI-
In the present study, additive-genetic (гд), genetic (TQ), 
environmental (rE), and phenotypical (гНІі) correlations were 
estimated. The standard errors and significance levels are 
given by the formulae below: 
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i-ri /s.E.(há(x)) s.E.(hâ(y)) 
S.E.(rA) = · ƒ · 
/Γ y hè(x) Щі ) 
(from Falconer, 1981). Analogously, 
S.E.(rG) = 
1-rg /s.E.(hg(x)) S.E.(hg(y)) 
hè(x) hi(y) 
l+rE 
P[|u|>u] with и=У(п
Е
-3)''Й-1п-
l - r E 
1 + r H L 
P [ | u | > u ] with u^ínHL-aj'-íí-ln· 
l-rHL· 
In these, nE=k(n-l) is the degrees of freedom for the common 
variance within the inbred strains, each of which comprises η 
animals. The significance levels of r A and TQ were evaluated 
analogously to h^ by taking the ratio r/S.E.. 
Before analysis, an adequate measurement scale has to be 
found on which the statistical assumptions underlying any 
parametric analysis, such as homogeneity of variance and 
normality of distribution, are satisfied. The Bartlett-test was 
used to test homogeneity of variances and the Shapiro-Wilk-test 
served to check for normality (SAS User's Guide, 1985). 
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Appendix II 
TABLE A 
The behavioral activities of mice from four inbred strains and a 
heterogeneous population dealt with in Ch. 3, Fig. 3.2. 
locom 
rear 
lean 
lobj 
sobj 
sniff 
groom 
C57BL/6 
394 ± 20 
37.1 ± 5.8 
85.8 ± 4.6 
9.6 t 2.5 
8.1 ± 1.0 
133 ± 13 
20.4 ± 8.9 
DBA/2 
344 ± 
34.6 ± 
69.9 ± 
14.8 ± 
9.1 t 
127 t 
36.0 i 
23 
3.8 
3.7 
1.5 
0.9 
6 
21.5 
BLN 
93.9 ± 
2.3 ± 
9.3 ± 
9.1 ± 
19.3 ± 
93.5 ± 
34.3 ± 
21.3 
0.7 
2.8 
2.3 
3.3 
12.9 
14.5 
CPB-K 
148 ± 
9.5 ± 
33.9 ± 
11.7 ± 
13.0 ± 
146 ± 
61.5 ± 
12 
2.4 
4.2 
1.4 
1.0 
9 
18.8 
HL 
322 ± 
30.7 ± 
76.4 t 
15.6 t 
10.8 t 
125 ± 
37.5 ± 
20 
5.2 
4.3 
1.8 
1.1 
6 
10.0 
The scores are given as the mean ± S.E.M. (n-20). For abbreviations, see Ch. 
3, Table 3.1. 
TABLE В 
The behavioral activities of mice from four inbred strains and a 
heterogeneous population dealt with in Ch. 5, Fig. 5.5. 
locom 
rear 
lean 
lobj 
sobj 
sniff 
groom 
C57BL/6 
526 t 25 
59.7 ± 4.5 
65.5 ± 3.9 
10.4 t 2.2 
8.3 ± 1.2 
105 ± 6 
21.2 ± 3.9 
DBA/2 
315 ± 
30.8 t 
48.8 ± 
7.0 l 
3.6 ± 
134 ± 
132 ± 
25 
3.8 
3.8 
0.8 
0.4 
6 
14 
BLN 
120 ± 
5.6 ± 
10.6 ± 
7.8 ± 
11.5 ± 
79.3 ± 
47.5 ± 
26 
2.1 
3.0 
1.3 
1.2 
10.5 
18.8 
CPB-K 
141 ± 
14.3 ± 
25.4 ± 
6.8 l 
6.7 ± 
116 ± 
89.0 ± 
13 
3.4 
2.9 
1.1 
1.0 
и 
25.2 
HL 
440 ± 
59.7 t 
59.0 ± 
14.6 t 
5. 1 t 
121 t 
29.8 t 
18 
4.6 
3.5 
1.2 
0.4 
β 
5.9 
The scores are given as the mean ± S.E.M. (n-20). For abbreviations, see Ch. 
5, Table 5.2. 
- 131 -
TABLE С 
Morphometric data of hippocampal variables observed in the four inbred 
strains and the heterogeneous population dealt with in Ch. 3, Fig. 3.3. 
A sup L 
A sup R 
A iip L 
A iip R 
A CA4 L 
A CA4 R 
L sup L 
L sup R 
L ^ L 
L ^ R 
C57BL/6 DBA/2 
80.1 ± 
88.0 ± 
26.2 ± 
27.4 ± 
60.7 ± 
65.9 ± 
1251 t 
1291 ± 
57.5 ± 
54.9 ± 
4.9 92.8 ± 
5.2 107 ± 
1.3 13.6 ± 
1.4 16.0 ± 
2.7 53.0 ± 
2.5 47.9 ± 
52 1232 ± 
50 1269 ± 
1.3 42.9 ± 
1.5 42.1 ± 
BLN 
4.9 77.4 ± 
5 80.2 ± 
0.8 21.8 ± 
1.1 23.0 ± 
2.5 51.2 ± 
2.8 49.0 t 
32 1218 ± 
36 1186 ± 
1.5 24.3 ± 
1.5 23.8 ± 
2.3 
2.5 
0.9 
1.1 
2.0 
1.5 
30 
26 
0.7 
0.6 
CPB-K 
87.3 
90.3 
31.1 
27.8 
73.5 
69.6 
1331 
L306 
29.1 
27.4 
HL 
2.7 90.9 ± 
4.1 97.6 ± 
1.3 15.3 ± 
1.3 15.4 ± 
3.6 53.8 ± 
3.3 49.4 ± 
37 1254 ± 
33 1282 ± 
0.9 42.9 ± 
0.7 42.0 ± 
2.4 
4.3 
1.1 
1.1 
2.1 
1.8 
24 
26 
2.2 
2.5 
The means ± S.E.M. (n-20) of the areas and lengths are given in цт and μπι, 
respectively. For abbreviations, see Ch. 3, Table 3.5. 
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TABLE D 
Hippocampal levels of dynorphin В and methionine-enkephalin in mice that 
have explored an observation cage and in naive animals from four inbred 
strains and a heterogeneous population dealt with in Ch. S, Fig. 5.6. 
NAIVE 
Enk L 
EXPLO 
NAIVE 
Enk R 
EXPLO 
NAIVE 
Dyn L 
EXPLO 
NAIVE 
Dyn R 
EXPLO 
C57BL/6 
1036 ± 62 
1140 ± 63 
925 ± 48 
957 ± 70 
113 ± 3 
111 ± 4 
102 ± 3 
106 ± 4 
DBA/2 
1245 
1535 
1448 
1562 
104 
95. 
105 
101 
8 ± 
61 
146 
76 
177 
3 
3.4 
3 
3 
BLN 
993 
951 
976 
1016 
114 
111 
115 
114 
44 
27 
38 
65 
3 
3 
2 
3 
CPB-K 
972 
932 
958 
965 
105 
97.6 ± 
103 t 
110 ± 
28 
64 
33 
53 
3 
2.2 
3 
3 
HL 
625 ± 26 
624 ± 27 
649 ± 22 
669 t 29 
123 ± 5 
120 ± 7 
118 ± 5 
127 ± 6 
The means t S.E.M. (n-20) of the hippocampal levels are given in pg of 
peptide/mg of protein. For abbreviations, see Ch. 5, Table 5.6. 
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STELLINGEN 
behorende bij het proefschrift 'The Function of Hippocampal Opioid 
Peptides in the Genetically-Controlled Exploratory Responses to Novelty 
in Mice'. 
I 
Een hippocampaal dynorfinerg mechanisme disinhibeert exploratief gedrag 
bij muizen. 
(Dit proefschrift) 
II 
Studies die gebruik maken van hippocampale weefselplakjes in vitro 
geven geen betrouwbaar beeld van de hippocampale informatieverwerking 
in vivo. 
(AMARAL, D.G. & WITTER, M.P.: The three-dimensional organization of the 
hippocampal formation: a review of anatomical data. Neurose 1. 31, 571-
591 (1989)). 
Ill 
Voor het opsporen van causale relaties tussen biologische variabelen, 
dient de voorkeur gegeven te worden aan genetisch goed gedefinieerde 
organismen. 
(Dit proefschrift) 
IV 
Het verdient aanbeveling contact te leggen tussen het in de 
kwantitatieve genetica gehanteerde statistische model en de inzichten 
van de traditionele statistiek. 
V 
Het inconsistente gebruik van symbolen en procedures geeft de 
kwantitatief-genetische literatuur een chaotisch aanzien. 
(Crusio, W.E.: Dissertatie (1984), K.ü. Nijmegen, stelling 3) 
VI 
Het is te hopen dat electronische geheugens die in toenemende mate 
worden ingezet in wetenschappelijk onderzoek niet de noodzakelijke 
kennis verdringen van hen die ze gebruiken. 
VII 
Om de werking van de hersenen te begrijpen, zullen de hersenen nog heel 
wat werk moeten verrichten. 
J.H.H.M. van Daal 
Nijmegen, 14 maart 1990 


